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Introduction 


There  is  a  critical  need  to  develop  new  imaging  technologies  which  bridge  the  gap  between  our 
rapidly  developing  fundamental  molecular  understanding  of  breast  carcinogenesis  and  our  ability 
to  rationally  harness  this  understanding  to  develop  more  effective  diagnostic  and  treatment 
strategies.  Bridging  that  gap  requires  developing  new  tools  which  can  rapidly  detect,  diagnose, 
and  at  times,  intervene  in  the  disease  process  based  on  recognition  of  specific  molecular 
signatures  of  breast  cancer  in  vivo.  In  this  project,  we  focus  on  the  development  of  miniaturized 
photonics-based  imaging  technologies  (SOW,  Project  1)  and  complementary  nanoscale 
molecular-targeted  imaging  agents  for  detection  and  monitoring  applications  (SOW,  Project  2 
and  Project  3)  in  order  to  provide  a  new  approach  to  molecular  imaging  of  breast  cancer. 
Medical  imaging  plays  a  prominent  role  in  all  aspects  of  the  screening,  detection,  and 
management  of  breast  cancer  today.  A  variety  of  imaging  methods  including  screening  and 
diagnostic  x-ray  mammography  and  resonance  imaging  (MRI)  are  currently  used  to  evaluate  and 
monitor  breast  lesions.  Although  existing  imaging  technologies  provide  a  useful  approach  to 
delineating  the  extent  of  tumors,  these  methods  offer  only  low  resolution,  non-specific  issues  of 
tissue  and  cannot  provide  a  detailed  picture  of  the  molecular  profile  of  a  tumor.  In  addition, 
techniques  such  as  x-ray  imaging  and  MRI  are  not  able  to  detect  small  early  cancers  or 
pre-cancerous  breast  lesions  and  are  difficult  to  use  in  settings  such  as  the  operating  room 
where  near  real-time  dynamic  images  are  required.  Thus,  there  is  a  substantial  clinical  need  for 
novel  imaging  methods  for  the  detection  and  monitoring  of  breast  cancers  which  offer  improved 
sensitivity,  specificity,  portability,  and  cost-effectiveness.  In  this  project  we  develop  portable 
optical  technologies  which  promise  high  resolution,  noninvasive  functional  imaging  of  tissue  at 
competitive  costs.  Optical  approaches  can  detect  a  broad  range  of  morphological,  biochemical, 
and  architectural  tissue  features  directly  relevant  to  characterizing  breast  lesions  including 
sub-cellular  physical  parameters  such  as  nuclear  size  and  nuclear  to  cytoplasm  (N/C)  ratios  and 
biochemical  indicators  such  as  hemoglobin  concentration,  metabolic  rate,  and  collagen 
cross-linking  levels.  To  make  these  technologies  even  more  powerful  we  expand  the  current 
capabilities  of  photonics-based  imaging  approaches  with  the  additional  capacity  to  quantitatively 
and  dynamically  detect  molecular  markers  of  breast  cancer  in  vivo  without  tissue  removal  (SOW, 
Project  2).  Developing  the  optical  molecular  imaging  tools  and  agents  for  breast  cancer  which 
will  allow  us  to  accomplish  this  goal  is  the  focus  of  this  project. 
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PROGRESS  REPORT  BOOT 


The  body  of  the  progress  report  is  contained  in  this  section.  Over  the  past  year,  we  have 
pubiished  a  number  of  papers  on  our  work  which  provide  more  detaiied  methods.  In  those 
cases,  these  materials  are  referred  to  and  the  papers  appear  as  pdfs  appended  to  the  end  of  the 
report.  Some  of  the  text  in  the  sections  below  is  derived  from  those  papers  and  from  those 
which  have  not  yet  appeared  in  print.  In  general,  we  have  kept  the  sections  of  the  report 
focusing  on  already  published  work  shorter  while  the  portions  reporting  on  work  not  yet  published 
in  the  literature  are  somewhat  more  detailed.  The  numbering  of  projects  and  tasks  discussed  in 
the  report  corresponds  to  the  numbers  used  in  our  currently  approved  Statement  of  Work. 

Project  1:  Needle  Compatible-Optical  Biopsy  (NCOB)  System 

For  background  information  on  our  motivation  for  developing  a  needle-compatible  fiber  optic 
system  for  breast  cancer  diagnostic  and  monitoring  applications,  information  regarding  the 
optical  techniques  and  image  analysis  strategies  we  will  use,  and  a  description  of  how  our 
system  would  interact  with  the  technologies  which  are  standard  of  care  today  please  see  our 
Year  1  report  which  covers  those  issues  in  detail.  Below,  we  focus  on  progress  on  the 
instrument  itself  during  the  past  reporting  year.  As  described  in  the  Statement  of  Work,  Year  1 
and  most  of  Year  2  plans  focused  on  design  of  this  system  and  beginning  initial  construction.  It 
was  expected  that  the  system  (Figure  1 )  would  be  completed  approximately  30  months  after  the 
design  phase  and  evaluation  would  begin  2.5  years  into  the  project.  We  are  still  ahead  of 
schedule  on  this  project  and  have  built  a  second  generation  system  which  is  modular  in  nature 
and  rapidly  reconfigurable  -  highly  desirable  properties  as  the  instrument  will  be  used  in 
combination  with  imaging  agents  from  Project  2  still  under  development.  In  this  section  we 
present  initial  data  for  the  system  which  is  already  providing  >10  micron  resolution  imaging 
capability  through  a  needle  probe.  In  Year  3  we  will  seek  permission  to  modify  our  program  of 
work  to  include  more  extensive  clinical  evaluation  of  this  instrument  than  originally  anticipated. 
Plans  which  note  tissue  studies  and  other  clinical  efforts  below  will  only  proceed  presuming 
these  modifications  to  our  SOW  are  accepted  and  regulatory  paperwork  is  approved. 


During  Year  2  of  this  project,  to  move  the  Needle-Compatible  Optical  Biopsy  (NCOB)  system 

closer  to  clinical  applications, 
the  needle  probe  has  been 
made  smaller  and  less 
invasive  without  sacrificing 
image  quality.  Experiments 
were  carried  out  to  verify  the 
capability  of  the  system  to 
image  individual  cells. 
Figure  1:  Our  first  system  developed  in  Year  1  to  evaluate  a  Ultimately  this  system  is 

variety  of  different  design  considerations  and  to  accommodate  the  intended  for  clinical  use  to 

CCD  camera. 
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provide  an  imaging  modality  with  the  resolution  to  image  individual  cell  morphology,  ultimately 
including  nuclear  morphology,  without  any  tissue  removal  from  the  body.  “Optical  biopsy”  refers 
to  our  ability  to  obtain  this  information  optically  without  physically  acquiring  a  biopsy  sample.  To 

visualize  the  nucleus  of  the  cell  for  quantitative 
cancer  assessment,  contrast  agents  will  be 
introduced  to  enhance  nuclear  contrast  and  more 
elaborate  software  tools  will  be  used  to 
automatically  measure  cell  and  tissue  structural 
characteristics.  Additionally,  molecular  imaging 
will  be  achieved  with  this  system  through  the  use 
of  targeted  imaging  agents  under  development  in 
Project  2. 


After  a  year  of  testing  out  different  components  for 
the  NCOB  system,  we  have  found  the  most 
suitable  individual  optical  components  to  be  used. 
It  is  therefore  no  longer  necessary  to  use  a  setup 
where  individual  part  can  be  switched  out. 
Instead,  a  new  cage  based  setup  (Figure  2)  has 
been  constructed  that  emphasizes  precise  spatial 
adjustment  of  the  optical  components  and  stability 
once  the  fine  adjustments  are  done.  The  new 
setup  is  also  smaller  and  more  easily  isolated  in 
separate  compartments.  Furthermore,  the  cage  system  can  be  easily  broken  down  into  optical 
sections  that  encompass  numerous  optical  parts.  While  the  parts  are  in  locked  positions 
relative  to  each  other,  the  sections  themselves  can  be  easily  modified.  This  is  a  very  useful 
change  because  we  are  now  implementing  a  new  illumination  scheme.  Experiments  in  the  last 
year  on  tissue  mimics  have  suggested  we  will  want  to  use  imaging  agents  to  improve 
visualization  quality  (both  to  visualize  nuclear  morphology  and  to  label  relevant  molecular 
markers).  This  is  not  unexpected  and  is  the  motivation  for  Projects  2  and  Projects  3.  Because 
no  one  has  built  a  system  with  the  design  we  proposed  before,  we  are  learning  as  we  go  along 
what  types  of  modifications  are  required  to  obtain  images  of  sufficient  quality.  We  discovered 
over  the  past  year  that  given  our  intended  clinical  applications  and  imaging  agents,  the  separate 
illumination  and  detection  fiber  bundles  as  they  existed  in  the  system  design  we  presented  last 
year  is  not  ideal  (too  much  specular  reflection).  Therefore,  a  new  design  has  been  put  in  place  to 
minimize  specular  reflection  the  details  of  which  are  presented  later. 

Improvement  in  design;  A  key  objective  in  the  continuing  effort  to  improve  the  NCOB  system 
is  minimizing  the  device’s  invasiveness  while  maintaining  sufficient  field  of  view  (FOV)  and 
resolution.  At  the  start  of  the  project,  we  set  our  goal  to  match  and  exceed  the  standards  of 
core-needle  biopsy  (CNB)  and  fine-needle  aspiration  biopsy  (FNAB),  currently  used  to  acquire 


Figure  2:  The  current  setup  using  a  cage 
system  allows  facile  focusing  of  the  optical 
components  is  and  very  stable  when  the 
parts  are  locked  down.  The  optical  sections 
are  also  much  more  compact.  This  setup  is 
modular  for  future  large  section  modifications 
(i.e.  illumination  section,  detector  section, 
and  a  currently  in  development  fiber  bundle 
projection  section). 
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samples  for  breast  cancer  pathology.  While  our  first  system  introduced  a  year  ago  had 
invasiveness  comparable  to  the  CNB  (though  no  tissue  is  removed  from  the  body),  our  current 
system  uses  a  needle  probe  the  size  of  FNAB  needles  without  the  main  drawback  of  that 
method. 

Specifically,  the  size  of  our  needle  probe  has  been  reduced  from  14-gauge  (2.1  mm  outer 
diameter)  to  20-gauge  (0.9  mm  outer  diameter).  The  improvement  has  surpassed  the 
conventional  CNB  needle  size  of  16-gauge  and  become  comparable  to  the  18  to  24-gauge 
needles  employed  for  FNAB  (Figure  3).  We  plan  to  reduce  this  diameter  further  as  the  project 
progresses.  .  In  addition,  the  diagnostic  potential  of  the  NCOB  has  advantages  to  that  of 
FNAB  because  the  imaging  is  performed  without  significantly  disrupting  the  morphology  of  target 
tissue  allowing  visualization  of  histopathology  in  addition  to  the  limited  cytopathology  permitted 
by  FNAB.  Furthermore,  we  do  not  remove  any  tissue  or  cells  from  the  body  using  our  method. 
The  system  has  met  our  initial  designs  goals. 


Figure  3:  (left)  the  evolution  of  the  needle  probe  for  our  system  from  14-gauge  to  20-gauge;  (middle) 
the  14-gauge  needle  probe  of  the  original  system;  (right)  the  20-gauge  needle  probe  of  the  new 
system. 


Besides  more  precise 
adjustment,  enhanced 
robustness,  and  smaller 
size,  the  new  cage  based 
system  has  two  other 
improvements  (Figure  4) 
for  biological  experiments. 
One  improvement  is  a 
Figure  4:  (Left)  the  new  smaller  and  cheaper  CMOS  camera;  (Right)  $300  CMOS  camera 
the  three-axis  adjustable  sample  stage.  integrated  into  the  cage 

system.  This  camera 

demonstrated  comparable  performance  to  the  previous  Zeiss  camera  but  is  smaller  and  much 
cheaper.  Although  price  is  not  as  an  important  consideration  as  quality,  every  bit  of  savings 
helps  for  a  device  aimed  at  making  breast  cancer  screening  and  monitoring  accessible  to  all 
patients.  (We  are  building  a  tool  which  costs  less  than  5K  using  off  the  shelf  parts  and  would 
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cost  far  less  than  that  in  a  manufactured  setting.)  A  second  improvement  is  a  three-axis  sample 
stage  (Figure  4).  Although  the  system  will  ultimate  use  a  movable  probe,  the  sample  stage  will  be 
very  useful  for  the  imaging  of  NP  in  ex-vivo  biological  specimens. 

Improvement  in  performance 

Using  higher  quality  image  guides,  the  resolution  of  our  system  has  actually  increased  as  the 
size  of  the  needle  probe  decreased.  Resolution  is  currently  well  below  the  10  micron  average 
diameter  of  the  smaller  of  the  cells  we  will  need  to  view  in  vivo  and  provides  greater  confidence 
for  image  the  details  of  both  normal  and  cancerous  tissue  in  the  breast.  At  the  same  time,  the 
reduction  in  needle  probe  size  also  has  raised  several  potential  challenges.  A  smaller  probe  also 
means  less  illumination  and  a  smaller  field  of  view.  Both  could  adversely  affect  the  performance 
of  the  system.  After  experimentation,  however,  it  was  discovered  that  the  current  probe  does  not 
significantly  increase  the  necessary  exposure  time  of  imaging  or  reduce  the  FOV  below  clinically 
useful  levels.  The  exposure  time  was  increased  by  only  100%  to  1  second,  making  real  time 
imaging  still  very  much  feasible.  Although  the  field  of  view  was  reduced  to  240  urn  diameter 
from  1  mm  diameter,  this  smaller  FOV  still  allows  the  simultaneous  viewing  of  several  hundred 
epithelial  cells.  The  decrease  invasiveness  to  the  patient  and  the  improved  resolution  more  than 
make  up  for  these  marginal  drawbacks. 

First  Imaging  Results 

Our  imaging  work  is  slated  to  begin  in  Month  31  (this  report 
covers  Months  13-24).  However,  we  are  ahead  of  schedule 
and  our  now  beginning  to  conduct  these  experiments  which  will 
be  the  primary  focus  of  Year  3  of  the  project.  The  imaging  of 
breast  cancer  is  complicated  by  the  need  to  discern  specific 
disease  features  within  a  complex  background  of  other  breast 
structures.  Figure  5  shows  cultured  SkBr3  breast  cancer  cells 
imaged  by  the  NCOB  system.  As  shown  in  the  image,  we  are 
able  to  image  at  a  cellular  level  visualizing  individual  breast 
cancer  cells.  Extensive  imaging  of  cells  in  3D  constructs  will  be 
a  focus  of  the  next  year  with  particular  emphasis  on  using  simple 
chemicals  already  in  routine  clinical  use  (toluidine  blue,  acetic  acid,  etc.)  to  stain  nuclei  for 
visualization  and  in  our  first  assessment  of  the  use  of  Project  2  imaging  agents  in  conjunction 
with  the  Project  1  imaging  system. 

Illumination/detection  fiber  bundle  projection 

In  order  to  improve  the  system  to  enable  molecular  imaging  in  vivo,  a  scheme  to  substitute  the 
old  probe,  which  consisted  of  separate  illumination  and  detection  fiber  bundles  with  just  an  image 
guide  is  being  implemented  (Figure  6).  This  approach  is  advantageous  because  it  strikes  a  good 
compromise  between  resolving  specular  reflection  and  making  a  small  optical  fiber  probe. 
Bifurcated  fiber  bundles  that  split  illumination  and  detection  fibers  at  one  end  are  hard  to  make 


Figure  5:  First  images  with 
second  generation  system 
shows  the  ability  to  detect 
individual  breast  cancer  cells. 
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and  are  not  readily  available  at  the  sub-millimeter  size  we  require.  However,  any  reflectance 
based  imaging  using  optical  fibers  would  benefit  greatly  from  separate  illumination  and  detection 
fibers,  especially  if  they  can  be  arranged  into  specific  shapes. 

Our  approach  uses  a  single  image  guide  for  the  probe, 
but  illumination  is  projected  onto  specific  fibers  in  the 
image  guide  separate  from  the  detection  fibers.  This 
significantly  shrinks  the  lateral  separation  of  the 
illumination  from  the  detection  fibers  and  allows  better 
distribution  of  illumination  from  the  probe.  While  this 
improvement  is  currently  being  constructed,  we  are  also 
working  on  alternative  optical  pathways,  such  as 
projecting  illumination  onto  the  probe  image  guide  at  an 
angle  or  separate  coaxial  illumination  fibers  polished  at 
an  angle  in  the  probe. 


Software 

A  more  detailed  overview  of  the  software  component  of 
Project  1  is  described  in  the  Year  1  report.  Figure  7 
shows  two  diagrams  of  the  basic  and  advanced  tasks 
we  are  undertaking  and  planning  to  undertake  as  part  of 
this  effort.  The  first  task  in  software  development  is  the 
adaption  of  the  Hough  transform  to  an  algorithm  that 
can  mark  the  location  of  cells  in  an  image  so  that 
subsequent  processing  and  analysis  by  either  the 
watershed  algorithm  or  the  optimal  path  problem  can  be  performed.  Before  the  Hough  transform 
can  even  be  applied,  it  is  necessary  to  extract  the  cell  boundaries  from  an  image.  The  initial 
investigation  showed  that  through  pre-processing,  the  intensity  of  boundaries  in  the  image  can 
be  greatly  increased.  This  leads  to  the  possibility  of  an  adaptive  local  thresholding  algorithm, 
which  was  used  successfully  in  the  initial  testing  to  pick  out  most  likely  cell  centers  from  the 
parameter  space  of  the  Hough  transform.  This  method  is  more  powerful  for  overcoming  noise 
in  an  image,  the  source  of  difficulty  with  identifying  the  cell  boundaries  in  our  first  attempt. 
Reducing  the  noise  in  the  cell  boundary  plot  significantly  improves  the  chance  of  a  successful 
Hough  transform. 

After  modifications  in  the  preprocessing  have  been  made,  the  Hough  transform  itself  will  be 
modified  and  developed.  One  of  the  assumptions  in  the  initial  test  was  circular  cells.  Although 
cells  in  culture  are  often  round,  normal  cells  in  tissue  are  generally  not.  This  is  especially  true 
for  epithelial  cells  in  highly  hierarchical  tissue,  where  they  are  often  flattened  ovals  with  pinching 
ends.  A  new  parameter  space  will  be  developed  that  more  accurately  parameterizes  cells  in 
the  human  breast.  To  properly  design  the  new  parameter  space,  images  of  different  normal 
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Figure  6:  (Top)  a  schematic  of  the 
original  optical  pathway;  (Bottom)  the  new 
illumination  scheme  projects  an  image  of 
the  old  probe  bundle  onto  the  tip  of 
another  image  guide,  which  serves  as  the 
new  probe  bundle;  the  old  probe  bundle, 
which  no  longer  the  probe,  can  be  larger 
in  size  and  of  any  geometry  we  need. 
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human  breast  cells  and  cancerous  cells  will  be  studied.  The  most  common  features  will  be 
used  to  design  a  new  parameter  space  for  the  Hough  transform. 


Planned  work: 
Image  analysis 


Hough  transform  improvements 


/■  > 

Cell  shape 

r 

study 

Hough  transform 
map  study 


More  accurate 
parameters 


Improved  adaptive 
thresholding 


Input  image 


Parameterization 


Cell  center 
determination 


Output  cell  size 
estimation 


Output  cell  center 
position  map 


Planned  work: 

Image  analysis  (advanced) 


•  Test  developed  watershed  or  optimal  path  algorithms  prior  to 
considering  modifications. 


Figure  7:  (Top)  flow  diagram  for  improving  the  Hough  transform  algorithm;  (Bottom)  flow  diagram  for 
applying  watershed  algorithm  and  optimal  path  algorithm  to  cell  boundary  detection. 

The  previous  proposed  investigations  are  some  of  the  ways  in  which  the  preprocessing  and 
Hough  transform  can  be  improved.  After  the  Hough  transform  algorithm  has  been  satisfactorily 
developed,  work  on  either  the  watershed  method  or  the  optimal  path  problem  will  commence. 


Because  these  are  relatively  complex  image  analysis  methods,  it  is  not  efficient  to 
simultaneously  develop  both  of  them.  If  the  Hough  transform  demonstrates  the  ability  to 
correctly  locate  the  vast  majority  of  cells,  development  of  the  watershed  algorithm  will  be 
pursued.  If  the  Hough  transform  can  accurately  detect  only  a  limited  number  of  cells,  the 
optimal  path  problem  method  will  be  pursued.  Because  a  branch  point  exists  in  the  software 
development  after  the  Hough  transform,  it  is  better  to  concentrate  full  effort  on  the  investigations 
proposed  in  the  preceding  paragraphs  and  fully  develop  the  algorithms  before  the  branch. 

Summary  to  Date:  Project  1  seeks  to  develop  a  new  tool  for  breast  cancer  Imaging  and 
monitoring  applications.  This  Is  a  sub-mm  probe  which  provides  micron  resolution  Imaging 
(expected  to  be  ~4  microns  after  full  optimization)  In  vivo  without  tissue  removal.  To  the  best  of 
our  knowledge,  It  Is  unlike  any  tool  available  for  breast  cancer  Imaging  today  offering  resolution 
far  exceeding  what  would  be  possible  by  other  Imaging  techniques  not  requiring  removal  of 
tissue  from  the  body.  It  Is  also  extremely  Inexpensive  using  a  $300  camera  and  light  sources 
based  on  LEDs  that  cost  under  $50.  The  Instrumentation  design  Is  being  modified  to  provide 
optimal  Image  quality  when  used  In  conjunction  with  the  molecular  Imaging  agents  being 
developed  In  Projects  2  and  3.  The  Instrument  will  be  capable  of  Imaging  both  Intrinsic  (cellular 
morphology  and  tissue  architecture)  optical  signals  and  extrinsic  contrast  agents  used  either  to 
facilitate  visualization  of  nuclear  morphology  or  to  highlight  molecular  markers  of  breast  cancer. 
\Ne  are  on  schedule  with  this  project  having  completed  the  vast  majority  of  Task  1  and  Task  2 
and  Initiated  Task  3.  We  expect  to  request  a  SOI/l/  modification  to  allow  further  clinical 
evaluation  of  the  device  than  originally  proposed. 

Projects  2  and  3:  Novel  Nanoparticle-Based  Imaging  Probes  for  Breast  Cancer  Imaging 
Applications  (Project  2)  and  for  Monitoring  Radiation  Dose  (Project  3) 

We  have  merged  the  discussion  of  Projects  2  and  3  in  this  report  as  these  two  projects  together 
encompass  the  two  imaging  agent  components  of  the  work.  Projects  2  and  3  overlap  in  that 
work  carried  out  in  the  first  two  tasks  of  Project  2  is  also  needed  for  Project  3.  Both  the  imaging 
applications  in  Task  3  of  Project  2  and  all  of  the  monitoring  applications  in  Project  3,  first  require 
synthesis  of  appropriate  nanoparticles.  We  describe  the  synthesis  of  these  agents  below  and 
label  each  section  to  clarify  whether  the  probes  described  are  relevant  to  Projects  2,  3,  or  both. 
We  also  provide  data  from  imaging  (Project  2)  and  monitoring  (Project  3)  applications.  We  are 
developing  two  types  of  materials:  (1)  non-cadmium  luminescent  dots  and  (2)  shaped  and 
layered  gold  nanoparticles.  The  luminescent  nanoparticle  development  work  (Task  1,  Months 
1-12)  was  described  in  our  Year  1  report.  A  Word  copy  of  a  submitted  paper  on  that  work  was 
included  at  that  time.  This  paper  has  now  been  published  in  Current  Nanoscience  (Sun  et  al, 
2009)  and  the  pdf  is  included  in  this  year’s  Appendix  and  is  not  further  discussed  here.  Multiple 
papers  have  appeared  on  the  AuNP  work  described  in  the  section  which  follows.  Please  refer 
to  the  Appendix  section  for  copies  of  these  papers.  We  concentrate  our  descriptions  below  only 
on  those  portions  the  work  not  yet  published  in  final  form. 
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Gold  Nanoparticle  Imaging  Agent  Development  (Task  2  of  Project  2  to  Generate  Materials 
for  Use  in  Both  Project  2,  Task  3,  and  Project  3,  All  Tasks) 

Project  2  focuses  on  synthesis  of  new  forms  of  gold-based  nanoparticles  (AuNPs)  generating  the 
near  infrared  (NIR)  optical  properties  needed  for  applications  in  Project  2  and  Project  3  through 
shaping  (non-spherical,  rod-like  structures)  or  layering  (gold-silica-gold  nanoparticles).  The 
motivation  for  work  with  gold-based  nanomaterials  is  that  these  materials  are  the  nanomaterials 
closest  to  clinical  translation  largely  because  they  are  consider  the  most  suitable  for  human  in 
vivo  use  from  a  safety  standpoint.  Most  gold-based  biomedical  nanomaterial  work  has  used 
either  conventional  nanoshell  (gold-silica)  or  gold  colloid.  Gold  colloid  cannot  be  tuned  into  the 
NIR  and  gold-silica  nanoshells  are  too  large  for  effective  delivery  for  some  of  the  types  of 
applications  we  envision.  Thus,  in  this  project,  we  expanded  our  efforts  to  consider  newer  types 
of  nanomaterials  including  gold  nanorods  expanding  on  previous  research  using  these 
nanomaterials  in  particular  by  developing  approaches  which  allow  scale  up  to  the  volumes 
required  for  clinical  use. 

To  facilitate  future  applications,  it  is  necessary  to  synthesize  complex  gold  nanorods  with  high 
yield  and  without  secondary  separation  steps  to  remove  spherical  or  triangular  contaminants. 
As  we  noted  in  our  report  last  year,  such  synthesis  is  particularly  challenging  for  long  nanorods. 
We  are  particularly  interested  in  these  longer  nanorods  as  these  are  the  rods  which  provide  the 
NIR  properties  which  place  them  in  the  NIR  “water  window”  suitable  for  in  vivo  biomedical 
applications.  Last  year  we  were  ahead  of  schedule  on  Project  2  so  had  proceeded  with  the 
synthesis  which  we  described  in  last  year’s  project  report. 

At  the  time  of  last  year’s  report  we  had  not  proceeded  to  bioconjugation  strategies.  These 
strategies  are  required  since  we  are  fabricating  these  materials  for  ultimate  use  as  molecular 
imaging  agents  for  HER2,  EGFR,  and  potentially  other  markers.  The  image  below  (Figure  8) 
shows  our  first  images  from  a  newly  proposed  method  for  attaching  antibodies  to  nanorods. 
The  image  in  the  upper  left  shows  successful  labeling  of  HER2+  cells.  Please  see 
(Rostro-Kohanloo  et  al,  2009  (in  press))  included  in  the  Appendix  for  technical  details  of  this 
approach.  As  opposed  to  what  we  reported  last  year  (nanorods  in  CTAB),  here  were  use  a 
PEGylation  based  stabilization  approach  and  heterobifunctional  linkers  with  free  carboxyl  groups 
for  the  antibody  attachment  As  we  moved  into  the  last  three  years  of  the  overall  project. 
Project  1  and  Project  2  will  begin  to  come  together  as  we  apply  the  agents  being  developed  in 
Project  2  for  use  with  the  imaging  system  developed  in  Project  1. 
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Figure  8.  Nanorod  conjugate  targeting.  Phase  contrast  shows  the  cell  locations  in  grayscale,  and  two 
photon  luminescence  is  displayed  in  red.  Binding  was  only  observed  for  the  anti-HER2  conjugates  and 
SKBR3  breast  carcinoma  cells. 

As  an  alternative  to  the  shaping  approach  considered  last  year,  we  are  also  investigating  using  a 
more  sophisticated  layering  approach  involving  three  of  more  layers  of  alternating  metal  and 
dielectric  materials.  The  reason  to  consider  this  alternative  over  the  shaping  described  above  is 
stability.  Any  problem  with  the  surface  modification  when  working  with  nanorods  will  cause  the 
nanorods  to  revert  to  a  spherical  configuration  and  lose  their  NIR  properties.  The  method 
described  above  seems  to  produce  by  far  the  most  stable  nanorods  we  have  developed  to  date. 
However,  stability  is  always  a  hurdle  when  working  with  elongated  nanoparticles.  Agents 
inherently  designed  to  have  NIR  properties  while  spherical  will  avoid  this  problem.  An  Optics 
Express  paper  we  published  in  November  (Hu  et  al,  2008)  provides  details  on  the  new  approach 
to  developing  tunable  gold  nanoparticles  (NPs)  for  imaging  (and  if  desired,  integrated)  therapy 
applications  creating  additional  tunability  in  smaller  diameter  particles  by  addition  of  a  small  gold 
core  into  a  silica-gold  nanostructure  (Figure  9).  This  approach  overcomes  several  of  the 
technical  limitations  we  have  encountered  in  our  work  using  gold-silica  nanoshells.  The  new 
gold-silica-gold  NPs  (1)  maintain  the  near  infrared  (NIR)  tunability  of  gold-silica  NPs  but  will 
reduce  the  overall  NP  size  to  <100  nm  to  overcome  delivery  hurdles  we  have  encountered  with 
larger  NPs;  (2)  feature  narrower  spectral  line-widths  to  facilitate  multiplexed  labeling  of  molecular 
markers;  (3)  demonstrate  increased  extinction  efficiency.  The  particles  are  formed  beginning 
with  easily  synthesized  gold  colloid  and  then  adding  a  thin  silica  layer  followed  by  a  final  gold 
layer. 
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Figure  9.  Extinction  of  70  nm  diameter 
multi-layer  nanoshells  in  water  as  a  function  of 
inner  radius. 


Please  see  (Hu  et  al,  2008)  in  the  Appendix  for  a  paper  describing  the  optical  properties  of 
gold-silica-gold  materials.  We  do  not  describe  the  technical  details  of  that  work  here  as  the 
paper  covers  these  aspects.  We  have  begun  efforts  on  synthesis  of  these  particles  and 
describe  those  here.  This  work  is  not  yet  published  and  further  efforts  are  required  to  bring  the 
sizes  down  to  a  level  where  will  we  gain  the  advantages  we  seek  with  this  class  of  materials.  A 
multi-step  procedure  is  performed  to  prepare  gold-silica-gold  nanoshells,  composed  of  the 
following  stages:  (1)  making  gold  colloid  (15-100  nm),  (2)  silica  coating  of  gold  particles,  (3) 
(3-aminopropyl)trimethoxysilane  (APS)  functionalization  of  gold-silica  particles,  (4)  synthesis  of 
TMPC  (tetrakis  hydroxymethyl  phosphonium  chloride)  gold  solution  composed  of  1-2  nm  gold 
colloids,  and  (5)  finally  synthesizing  the  complete  gold-silica-gold  nanoshells. 

In  this  work,  gold  colloid  (15-100  nm)  was  prepared  by  a  standard  sodium  citrate  reduction 
method.  0.86  ml  of  chloroauric  acid  solution  was  added  to  98  ml  of  de-ionized  water  in  a  clean 
250  ml  glass  flask  with  a  stir  bar,  and  the  solution  was  brought  to  boiling  temperature  upon 
stirring.  Subsequently,  trisodium  citrate  solution  was  added  to  produce  gold  colloid.  Particular 
sizes  are  created  based  on  varying  the  amount  of  trisodium  citrate.  Upon  addition  of  the 
trisodium  citrate,  the  color  of  the  solution  changed  to  blue  and  then  to  red. 

The  preparation  of  the  silica-coated  gold  nanoparticles  involved  priming  citrate-terminated  gold 
colloids  with  (3-aminopropyl)trimethoxysilane,  followed  by  the  addition  of  active  silica  to  form  a 
thin  layer  of  silica  on  the  gold  surface.  Extended  growth  was  achieved  by  the  Stober  method,  in 
which  silica  coated  gold  nanoparticles  were  functionalized  with  tetraethyl  orthosilicate  and 
ammonia  in  ethanol.  Other  research  groups  have  followed  a  direct  coating  method  of 
citrate-stabilized  gold  nanoparticles  with  silica  shells  by  reducing  tetraethyl  orthosilicate  in 
ammonium  hydroxide  with  isopropyl  alcohol  or  ethanol.  We  are  instead  direct  coating  on 
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citrate-stabilized  gold  nanoparticles  with  silica  shells  -  producing  thickness  from  20  nm  to  150 
nm  -  by  optimizing  the  pH  of  the  solution  via  ammonium  hydroxide  with  isopropyl  alcohol,  and 
comparably  by  optimizing  the  amount  of  tetraethyl  orthosilicate  and  ammonium  hydroxide.  This 
method  does  not  require  any  coupling  molecules  and  is  based  on  a  method  that  our  group  has 
been  using  for  the  preparation  of  various  thicknesses  of  silica  particles  on  various  radii  of  gold 
particles:  50nm  (Figure  lOa-lc),  and  20  nm  (Figure  lOd).  A  suitable  amount  of 
3-aminopropyl)trimethoxysilane  (1  mM)  from  300  -  500  pi  was  added  to  silica-coated  gold 
nanoparticles  that  were  vigorously  stirred  in  ethanol  solution.  The  mixture  is  allowed  to  react  for 
12  hours.  To  enhance  covalent  bonding  of  the  3-aminopropyl)  trimethoxysilane  groups  to  the 
silica  shell  surface,  the  solution  was  gently  refluxed  for  one  hour.  The  APS  functionalized 
gold-silica  nanoparticles  were  then  collected  in  ethanol.  A  TMPC  gold  solution  composed  of 
1-2  nm  gold  colloids  was  prepared  according  to  the  method  of  Duff  and  Baiker.  Under  rapid 
stirring,  1.2  mL  of  1  M  NaOH  was  added  to  180  mL  of  water,  followed  by  the  addition  of  4  ml  of 
1.2  mM  aqueous  TMPC  solution.  After  5  minutes  of  continuous  stirring,  6.75  ml  of  1  wt% 
aqueous  chloroauric  acid  was  added  in  one  quick  motion,  after  which  the  solution  immediately 
turned  to  a  medium  brown  color.  The  final  solution  was  refrigerated  for  at  least  2  weeks  before 
use. 

A  solution  containing  reducible  gold  salt  was  prepared  in  order  to  grow  a  continuous  gold  layer 
on  the  gold-primed  silica-coated  nanoparticles.  Briefly,  50  mg  of  potassium  carbonate  was 
dissolved  in  water  followed  by  the  addition  of  3  ml  of  1.0%  wt  of  TMPC  gold  solution. 
Gold-silica-gold  nanoshells  were  then  grown  by  reacting  gold  salt  with  the  gold-silica-gold 
colloids  (1-2  nm)  in  the  presence  of  formaldehyde.  Currently,  we  are  focused  on  reducing  the 
overall  size  of  the  nanoshells  made  using  this  approach  to  less  than  100  nm  for  Project  2  and 
Project  3  applications.  Nanoshell  formation  was  visualized  and  assessed  with  a  transmission 
electron  microscope  (TEM).  We  expect  to  be  able  to  report  fully  on  this  new  class  of  gold 
nanostructures  next  year. 


Figure  10.  TEM  images  of  silica  gold  (50  nm)  nanoparticles  with  overall  sizes  of  (a)  104  nm,  (b)  125  nm,  (c) 
180  nm  (left  to  right),  (d)  TEM  image  using  a  20  nm  gold  nanoparticle  as  the  starting  point  (far  right). 

Biological  Evaluation  (Relevant  to  Both  Projects  2  and  Project  3) 
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Last  year  we  reported  imaging  results  using  darkfield  microscopy  for  imaging.  Although  this 
method  provides  a  facile  approach  to  imaging  cells  in  a  laboratory  setting,  it  is  not  relevant  to  the 
clinical  imaging  applications  we  are  ultimately  heading  towards.  In  those  applications  where  we 
will  ultimately  be  imaging  intact  tissue  (for  example,  using  the  needle  probe  device  being  built  in 
Project  1),  we  detect  reflected  not  transmitted  optical  signals.  We  will  also  ultimately  be 
detecting  reflected  not  transmitted  optical  signals  in  the  radiation  dose  monitoring  described  in 
Project  3.  Thus,  it  is  important  to  consider  how  our  nanomaterials  perform  in  a  reflectance-based 
geometry.  In  the  work  described  here  (paper  on  this  work  to  be  included  in  next  year’s  progress 
report),  we  use  NIR  reflectance  confocal  microscopy.  Future  experiments  will  use  the  imaging 
system  developed  in  Project  1 . 

Three  breast  cancer  cell  lines  that  are  known  to  overexpress  different  levels  of  HER2  receptors 
were  imaged:  SK-BR-3,  HCC1419,  and  JIMT-1.  The  normal  mammary  epithelial  cell  line, 
MCF10A,  was  also  analyzed  as  a  control  that  does  not  overexpress  the  HER2  antigen.  All  cell 
lines  were  purchased  from  the  American  Type  Culture  Collection  with  the  exception  of  the  JIMT-1 
cell  line,  which  was  purchased  from  DSMZ  (Germany).  The  SK-BR-3,  HCC1419,  and  JIMT-1 
cell  lines  were  grown  with  medium  (McCoy’s  5A,  RPMI-1640,  and  Dulbecco’s  Modified  Essential 
Medium,  respectively)  supplemented  with  10%  fetal  bovine  serum  (FBS)  and  1% 
penicillin-streptomycin.  The  MCF10A  cells  were  cultured  in  Mammary  Epithelial  Basal  Medium 
(MEBM)  supplemented  with  a  BulletKit  (Clonetics).  The  cells  were  maintained  at  37°C  in  5%  CO2 
atmosphere. 

Each  cell  line  was  grown  to  confluency,  trypsinized  and  then  counted  using  a  hemocytometer. 
The  cells  were  then  incubated  with  either  media  alone,  PE  anti-human  CD340  (erbB2/HER-2) 
antibody  (BioLegend),  or  PE  mouse  IgGI  isotype  control  antibody  (BioLegend)  for  30  minutes  on 
ice  in  the  dark.  The  cells  were  then  washed,  resuspended  in  500  pi  of  cell  staining  buffer 
(BioLegend),  and  stored  on  ice  until  they  were  analyzed  at  The  University  of  Texas  M.D. 
Anderson  Cancer  Center  (MDACC)  flow  cytometry  core  for  the  immunofluorescence  intensity  of 
HER2  expression  levels.  In  order  to  determine  the  mean  immunofluorescence  intensity  for  each 
cell  line,  we  used  a  commercially  available  kit  including  PE  Anti-Human  CD340  (erbB2/HER-2) 
Antibody,  cell  staining  buffer,  and  a  PE  Mouse  IgGI  Isotype  Control  (BioLegend)  for  background 
signal  correction.  The  immunofluorescence  intensity  was  converted  into  antigen  binding 
capacity  using  the  Quantum  Simply  Cellular  anti-Mouse  IgG  kit  (Bangs  Laboratories,  Inc.).  This 
kit  utilizes  four  different  samples  of  microbeads  with  a  predetermined  number  of  antigen  binding 
sites  which  correlates  with  respective  immunofluorescence  intensity.  A  linear  scale  is  then 
generated  and  used  for  the  interpretation  of  antigen  binding  sites  on  cell  samples  of  known 
intensity. 

Nanoshells  were  fabricated  using  previous  published  procedures.  Briefly,  silica  cores  were 
generated  using  the  Stober  method  and  surfaces  were  terminated  with  amine  groups.  The  final 
silica  particles  were  measured  by  scanning  electron  microscopy  (SEM)  to  obtain  the  average 
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diameter  of  276  nm.  Gold  colloid  of  1-3  nm  in  diameter  was  then  prepared  and  adsorbed  onto 
the  silica  cores  through  the  amine  groups  (nanoshell  ‘seeds’).  The  gold  shell  overlay  was 
completed  by  mixing  the  nanoshell  seeds  with  additional  gold  solution,  potassium  carbonate  and 
formaldehyde.  A  UV-vis  spectrophotometer  (Varian  Cary  300)  was  used  to  analyze  the 
spectrum  of  the  completed  nanoshells.  Mie  Theory  was  then  used  to  derive  the  absorption, 
scattering,  and  extinction  coefficients  and,  subsequently,  the  concentration  of  nanoshells  in 
solution.  As  confirmed  by  SEM,  the  nanoshells  had  an  average  diameter  of  350  nm,  a  peak 
surface  plasmon  resonance  at  840  nm  and  a  concentration  of  approximately  2.3x10® 
particles/mL. 

To  create  molecularly-targeted  particles,  the  nanoshell  surfaces  were  first  modified  by  the 
addition  of  either  specific  or  non-specific  antibodies  (anti-HER2/neu  or  anti-IgG,  respectively)  as 
previously  described  by  Loo  et  al.  A  custom  made  heterobifunctionalized  polyethylene  glycol 
linker,  orthopyridyl-disulfide-PEG-N-hydroxysuccinimide  ester  (OPSS-PEG-NHS,  MW  =  2kD, 
CreativeBiochem  Laboratories),  was  incubated  with  either  anti-HER2  antibodies 
(C-erbB-2/HER-2/neu  Ab-4,  Lab  Vision  Corporation)  or  anti-rabbit-IgG  (Sigma  Aldrich)  at  a  molar 
ratio  of  3:1  in  sodium  bicarbonate  (100  mM,  pH  8.5)  overnight  on  ice  and  under  refrigeration.  All 
aliquots  were  then  stored  at  -80°C.  The  linker  permits  conjugation  to  the  antibodies  via  amide 
linkages  (NHS)  and  conjugation  to  the  nanoshell  gold  surfaces  via  sulfur  groups  (OPSS). 

In  order  to  perform  biological  studies,  the  nanoshells  (2.3x10®  particles/mL)  were  incubated  with 
the  prepared  anti-HER2-linker  or  anti-IgG-liker  solution  for  1  hour  under  refrigeration  and  further 
stabilized  by  incubation  with  a  10  mM  polyethylene  glycol-thiol  solution  (PEG-SH,  MW  =  5kD, 
Nektar)  overnight  under  refrigeration.  Nanoshells  were  then  centrifuged  to  remove  unbound 
antibodies  and  resuspended  in  water.  Prior  to  experimental  studies,  the  nanoshells  were 
brought  to  room  temperature  and  a  solution  of  bovine  serum  albumin  (BSA)  and 
phosphate-buffered  saline  (PBS)  was  added  at  a  final  concentration  of  1  %  each.  Samples  were 
vortexed  briefly  before  use. 

Approximately  6x10^  cells  of  each  cell  line  (MCF10A,  SK-BR-3,  HCC1419,  and  JIMT-1)  were 
isolated,  washed  and  incubated  with  a  2  ml  solution  of  either  PBS  alone,  anti-HER2  targeted 
nanoshells  (2x10®  particles),  or  anti-IgG  targeted  nanoshells  (2x10®  particles).  The 
nanoshell-cell  suspensions  and  controls  were  then  incubated  in  a  hybridization  chamber  (VWR 
International)  at  37°C  and  7  rpm  for  15  minutes.  After  incubation,  the  suspensions  were 
centrifuged  and  rinsed  two  times  with  PBS  to  remove  unbound  nanoshells.  The  cell  pellets 
were  resuspended  in  60  pL  of  the  appropriate  cell  media.  This  solution  was  then  aliquoted  onto 
a  glass  slide  fitted  with  a  0.12  mm  deep  spacer  (Invitrogen)  and  then  coverslipped.  Images  of 
the  different  cell  types  were  obtained  with  a  Lucid  VivaScope  2500  inverted  confocal  microscope, 
which  employs  an  incident  wavelength  of  830  nm.  The  Lucid  VivaScope  2500  is  a  portable,  FDA 
approved  system  used  to  assess  freshly  excised  tissue  in  clinics.  Images  were  taken  at  the 
same  distance  from  the  glass  surface  for  each  condition  and  at  a  power  of  1 .4  mW. 
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The  optical  intensity  of  the  reflectance  of  the  cells  was  measured  using  Imaged  processing 
software.  An  image  of  pure  black  was  designated  with  a  value  of  0  and  that  of  pure  white  with  a 
value  of  255.  Average  intensity  values  for  each  cell  line  under  each  condition  were  calculated 
from  7  independent  areas  of  the  respective  glass  slide  used  for  imaging.  Images  used  for  this 
component  of  the  study  contained  areas  where  no  cells  were  present;  therefore,  although  the 
intensity  of  individual  cells  incubated  with  HER2-targeted  nanoshells  approach  255  (data  not 
shown),  this  was  not  possible  for  widespread  images  due  to  the  diluted  sample  allowing  certain 
areas  to  be  void  of  cells.  Sample  normality  was  assessed  to  evaluate  the  error  distribution  for  all 
data  points.  A  normal  probability  plot  of  the  residuals  verified  that  the  samples  followed  a  normal 
distribution  (data  not  shown).  F-tests  were  also  used  to  determine  the  equality  of  variance 
before  applying  two-tailed  paired  Student’s  t-tests  to  evaluate  significance  in  the  difference  in 
reflectance  intensity  of  cells  between  two  treatment  conditions. 

The  goal  of  this  study  was  to  determine  if  gold  nanoshells  conjugated  to  anti-HER2  antibodies 
could  optically  enhance  the  identification  of  breast  cancer  cells  that  overexpress  HER2  receptors. 
Therefore,  three  breast  cancer  cell  lines  (HCC1419,  SK-BR-3,  and  JIMT-1)  that  are  known  to 
overexpress  HER2  and  a  normal  mammary  epithelial  cell  line  (MCF10A)  were  chosen  to  optimize 
the  binding  conditions  and  evaluate  specificity  of  targeted  nanoshells.  Using  flow  cytometry, 
the  calculated  number  of  HER2-antigen  binding  sites,  along  with  the  95%  confidence  interval  for 
each  cell  line,  was  determined.  Specifically,  the  breast  cancer  cell  lines  were  found  to  have 
significantly  higher  (17  to  77  times  more)  binding  sites  than  the  normal  breast  epithelial  cells 
(MCF10A). 

The  capacity  of  the  nanoshells  to  optically  image  the  breast  cancer  cell  lines  were  then  visualized 
using  a  Lucid  VivoScope  reflectance  confocal  microscope,  a  portable  reflectance  imaging  system 
that  is  currently  used  in  clinics.  Since  the  nanoshells  are  made  with  a  gold  shell  and  have  an 
optical  peak  resonance  at  840  nm,  the  cells  that  are  bound  with  the  nanoshells  clearly  reflected 
more  light  using  reflective  confocal  microscopy  than  the  cells  that  are  not  bound  to  nanoshells. 
Qualitatively,  the  reflective  confocal  microscopy  images  in  Figure  11  demonstrate  that  the 
nanoshells  conjugated  to  anti-HER2  antibody  bound  the  most  to  the  three  breast  cancer  cell  lines. 
Most  of  the  cell  surface  could  be  visualized.  The  labeling  of  the  cancer  cells  was  very  specific 
against  the  HER2  receptor  since  the  nanoshells  conjugated  with  non-specific  IgG  resulted  in  only 
punctate  labeling  of  the  same  cells.  Similarly,  only  punctate  labeling  of  MCF10A  normal 
epithelial  cells  was  imaged  by  the  nanoshells  conjugated  with  anti-HER2  antibody.  This  low 
level  of  reflectance  is  likely  due  the  presence  of  the  low  level  of  HER2  receptors  present  on 
MCF10A  cells. 
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Anti-HER2  NS 


Figure  11.  The  right  hand  column  shows  NIR  reflectance  confocal  imaging  using  targeted  gold 
nanoparticles.  Of  particular  interest  are  the  2"'^  and  4"^  rows  here.  These  cells  are  herceptin 
resistant  yet  clearly  we  still  able  to  achieve  strong  targeting.  This  is  intriguing  because  these  same 
gold  nanoparticles  can  be  used  for  direct  photothermal  ablation  of  cells  suggesting  a  novel  approach 
to  treatment  of  HER2+,  Herceptin  resistant  women. 


Quantitatively  (Figure  12),  the  reflectance  intensity  from  each  breast  cancer  cell  line  with  HER2 
overexpression  that  was  treated  with  nanoshells  conjugated  with  anti-HER2  antibody  was  5  times 
higher  than  the  reflectance  from  normal  human  breast  epithelial  cells  (MCF10A)  treated  with  the 
same  nanoshells  (P<0.001).  For  each  cell  line,  the  binding  of  nanoshells  appeared  to  be 
dependent  upon  the  anti-HER2  antibody  because  the  reflectance  intensity  of  the  cells  was  3  to  5 
fold  higher  when  the  cells  were  treated  with  nanoshells  conjugated  to  anti-HER2  antibody  than  to 
non-specific  IgG  (P<0.001).  There  was  no  difference  in  reflectance  intensity  between  any  cell 
type  incubated  with  only  PBS  (the  control  condition)  (P>0.1)  or  with  IgG-targeted  nanoshells 
(P>0.1). 
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Figure  12.  Quantification  of  imaging  results. 


The  results  obtained  with  RCM  provide  a  first  step  towards  developing  these  particles  for  the 
types  of  imaging  applications  we  anticipate;  the  critical  results  will  be  those  we  obtain  using  the 
imaging  system  under  construction  in  Project  1.  We  are  also  collaborating  to  investigate  highly 
exploratory  new  techniques  (photothermal  imaging)  which  would  dramatically  increase  the  optical 
contrast  achievable  with  gold  nanoparticle  based  imaging  agents  so  that  the  optical  imaging 
performed  will  be  sensitive  to  much  lower  levels  of  expression  than  what  is  needed  using 
conventional  approaches.  A  paper  (Hleb  et  al,  2008)  provides  details  on  this  work. 

Summary  to  Date:  Project  2  remains  ahead  of  schedule.  As  proposed,  the  first  two  years 
were  a  basic  science  chemistry  directed  effort  to  create  synthesis  and  bioconjugation  strategies 
for  the  biological  experiments  proposed  in  the  latter  years  of  the  projects.  \Ne  have  initiated 
imaging  studies  and  look  forward  to  integrating  the  agents  being  developed  in  this  project  with 
the  imaging  system  developed  in  Project  1.  \Ne  expect  to  submit  a  revised  SOI/l/  request  and 
appropriate  regulatory  paperwork  to  enable  an  accelerated  and  more  ambitious  set  of  imaging 
experiments  to  be  performed.  An  unexpected  result  which  may  open  up  new  avenues  of  work 
was  the  high  level  of  nanoparticle  targeting  we  were  able  to  achieve  using  herceptin  resistant  cell 
lines  including  a  line  where  we  would  have  anticipated  MUC  interference.  Because  our 
nanoparticles  inherently  have  both  imaging  and  therapeutic  (photothermal  ablation)  properties, 
these  results  suggest  a  possible  new  approach  to  treatment  of  HER2+,  herceptin  resistant 
women.  Depending  how  the  rest  of  the  project  evolves,  we  may  in  the  future  request  a  SOI/l/ 
modification  to  pursue  this  possibility. 

Nanoparticle  Probes  to  Monitor  Radiation  Dose  (Project  3) 

Project  3  is  the  smallest  and  most  risk  effort  of  the  project  we  originally  proposed.  The  idea 
underlying  this  project  is  to  develop  an  optical  approach  for  monitoring  radiation  which  would 
provide  more  information  than  the  bulk  dose  measurements  which  can  be  achieved  today.  Our 
MDACC  coPI  is  a  radiation  oncologist  by  training  and  proposed  this  idea.  Our  work  to  date  has 
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been  focused  on  the  very  first  step  towards  this  approach:  Can  we  use  nanoparticles  to 
generate  a  change  in  optical  signal  with  radiation  dose?  Last  year  we  presented  data 
demonstrating  that  indeed  we  could  employ  a  plasmonic  nanoparticle-based  approach  to 
accomplish  this  idea  (Task  1  of  Project  3).  Essentially,  we  monitor  the  perturbation  in  optical 
nanoparticle  as  nanoparticles  are  released  from  an  area  after  exposure  to  radiation.  We  found 
we  could  do  this  at  a  radiation  dose  of  100  Gy,  At  this  point,  we  had  a  choice  to  make.  We 
could  move  on  to  Task  2  which  provides  a  more  desirable  signal  change  to  measure  (Our 
strategy  in  Task  1  measures  loss  of  optical  signal  after  exposure  to  radiation  while  our  strategy  in 
Task  2  measures  gain  in  signal  after  radiation.  Signal-to-background  issues  are  already  much 
easier  to  handle  if  we  start  with  a  probe  that  is  dark  in  its  original  configuration.  However,  if  we 
moved  to  Task  2  directly  we  would  be  working  at  radiation  levels  we  know  are  not  consistent  with 
what  would  make  this  a  clinically  viable  technique  for  breast  cancer.  (The  radiation  doses  we 
are  seeking  to  measure  clinically  are  far  lower.).  Thus,  it  is  important  to  examine  whether  it  is 
possible  to  bring  down  sensitivity  levels  further.  The  experiment  shown  in  Figure  13  is  at  a  dose 
50%  lower  than  the  1 00  Gy  data  included  in  last  year’s  report.  For  this  experiment,  gold  colloid 
is  prepared  by  using  the  standard  sodium  citrate  reduction  method  discussed  previously. 
Chloroauric  acid  solution  is  added  to  deionized  water  and  the  solution  is  brought  to  boiling 
temperature  upon  stirring.  Subsequently,  trisodium  citrate  solution  is  added.  The  size  of  gold 
can  be  controlled  based  on  the  amount  of  trisodium  citrate.  Based  on  our  radiation  experiments 
to  date,  50  Gy  is  the  lowest  radiation  dose  for  which  we  can  potentially  detect  the  loss  of  signal 
we  are  looking  for  as  an  assay  (Figure  12).  Because  it  has  been  hard  to  make  definitive 
quantitative  statements  regarding  signal  loss,  we  are  exploring  the  use  of  AFM  to  help  us  in  this 
aspect  of  the  work. 


BEFORE  RADIATION  AFTER  50  Gy  RADIATION 

Figure  13.  Gold  nanoparticles  (13  nm)  after  radiation  treatment.  We  are  seeking  some  level  of  loss  of 
the  bright  spots  shown  in  the  image  on  the  left  (before  treatment)  after  radiation.  The  radiation  dose  in 
these  images  is  50  Gy. 

Summary  to  Date:  This  project  is  the  smallest  and  most  high  risk  component  of  our  proposal. 
Work  to  date  on  Project  3  has  indicated  that  idea  proposed  (generating  an  optical  signal  which 
could  be  measured  in  response  to  radiation  dose)  is  fundamentally  sound.  However,  further 
improvements  in  sensitivity  are  required  for  optical  monitoring  of  radiation  dose  to  become  a 
clinically  viable  approach. 
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Key  Research  Accomplishments 


•  Development  of  a  second  generation  needle-compatible  fiber  optic  imaging  system 
prototype  for  breast  cancer  applications.  Unlike  our  first  year  design,  this  system  is 
readily  reconfigurable  (modular  illumination,  detection,  etc.)  to  provide  flexibility  as  our 
design  requirements  evolve.  The  goal  of  this  system  is  to  provide  an  inexpensive 
method  ($<  5K  cost/instrument)  for  in  situ  tissue  analysis  with  micron  level  resolution  in  a 
sub-mm  package  to  provide  optical  biopsy  without  tissue  removal.  (Project  1 ) 

•  Demonstration  of  targeted  molecular  imaging  using  a  novel  gold  nanorod  bioconjugation 
method.  These  structures  may  be  used  for  both  the  imaging  experiments  which 
comprise  the  last  tasks  in  Project  2  and  for  the  activatable  radiation  monitoring 
applications  throughout  Project  3.  Nanorods  are  more  attractive  than  conventional 
silica-gold  nanoshells  for  some  types  of  imaging/therapy  applications  due  to  smaller  size 
and  enhanced  absorption.  A  heterobifunctional  PEG  with  exposed  carboxyl  groups  for 
antibody  conjugation  was  used  to  generate  surface  modified  nanorods  for  HER2  targeted 
imaging  applications.  Proof  of  principle  cellular  imaging  results  are  reported.  (Project 
2/Project  3) 

•  As  an  alternative  to  shaping  gold  (gold  nanorods),  we  have  demonstrated  both  by 
simulation  and  now  experimentally  similar  NIR  tunability  can  be  achieved  through  a  new 
type  of  gold  nanoshell  (multilayered  gold-silica-gold  nanoshells).  An  Optics  Express 
paper  reports  on  the  physics  governing  these  particles’  properties.  Synthesis  efforts  are 
underway  and  it  is  expected  these  particles  may  be  used  in  breast  cancer  imaging  and 
radiation  monitoring  applications  in  Projects  2  and  3  in  future  years.  (Project  2/3) 

•  As  part  of  the  biological  characterization  component  of  Project  2,  we  evaluated  a  number 
of  cells  lines  including  herceptin-resistant  lines.  We  unexpectedly  discovered  targeted 
nanoshells  bind  to  herceptin-resistant  cell  lines  much  more  strongly  than  we  would  have 
anticipated  for  the  line  where  one  might  expect  MUC  interference.  This  is  possibly  due 
to  the  high  surface  area/volume  allowing  large  numbers  of  potential  binding  sites  on  the 
nanoparticle  to  be  present  and  opens  up  intriguing  new  possibilities  for  the  use  of  these 
types  of  particles  as  nanotheranostics  for  treatment  of  HER2+,  herceptin  resistant  women 
(Project  2) 

•  Evaluated  strategy  for  dose  measurement  during  radiation  treatment  for  breast  cancer 
(Project  3) 

•  My  proposal  expressed  a  desire  to  build  connections  between  my  group  with  the  breast 
centers  at  both  MD  Anderson  Cancer  Center  and  Baylor  College  of  Medicine  to  create  a 
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sustainable  infrastructure  for  breast  cancer  research  that  will  continue  after  the  present 
grant  ends.  I  attended  the  Baylor  College  of  Medicine  Breast  Cancer  Center  Annual 
Retreat  this  year  and  gave  a  talk  on  my  work  resulting  in  a  number  of  new  collaborations. 
Based  on  these  presentations,  I  was  recently  invited  by  the  head  of  the  center  to  become 
an  adjunct  faculty  member  which  will  facilitate  my  future  involvement  and  provide  access 
to  all  of  Baylor’s  shared  cores  at  internal  prices. 
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Reportable  Outcomes 


Journal  Articles  Acknowledging  DOD  Era  of  Hope  Scholar  Support 

•  Sun,  J.,  Fu,  K.,  Zhu,  MQ,  Bickford,  L.,  Post,  E.,  and  Drezek,  R.  “Near-infrared  quantum 
dots  for  fluorescence  tissue  imaging”  Current  Nanoscience,  5  (2),  160-166  (2009).  (Last 
year  this  work  was  reported  as  submitted.  It  has  now  been  accepted  and  published.  A 
pdf  of  the  published  version  is  included.) 

•  Hu,  Y.,  Fleming,  R.,  and  Drezek.  R.  “Optical  properties  of  gold-silica-gold  multilayered 
nanoshells.”  Optics  Express.  Vol  16,  24,  19579  (2008). 

•  Hleb,  E.,  Hu,  Y.,  Drezek.  R..  Hafner,  J.,  and  Lapotko,  D.  “Photothermal  bubbles  as 
optical  scattering  probes  for  imaging  live  cells.”  Nanomedicine.  3(6),  797-812  (2008). 
(doi:10.2217/17435889.3.6.797) 

•  Rostro-Kohanloo,  B.,  Bickford,  L.,  Payne,  C.,  Day,  E.,  Anderson,  L.,  Zhong,  M.,  Zhong, 
Lee,  S.,  Mayer,  K.,  Zal,  T.,  Adam,  L.,  Dinney,  C.,  Drezek,  R.,  West,  J.,  and  Hafner,  J. 
"Stabilization  and  Targeting  of  Surfactant-Synthesized  Gold  Nanorods."  Nanotechnology. 
Accepted  for  publication  in  2009  {A  copy  of  the  accepted  manuscript  is  included.  Page 
proofs  have  not  arrived  yet.) 

•  Bickford,  L.,  Chang,  J.,  Fu,  K.,  Sun,  J.,  Hu,  Y.,  Gobin,  A.,  Yu,  TK,  and  Drezek.  R. 
“Evaluation  of  Immunotargeted  Gold  Nanoshells  as  Rapid  Diagnostic  Imaging  Agents  for 
HER2+  Breast  Cancers.”  Nanobiotechnology.  1551-1286  (Print)  1551-1294  (Cniine);  DCI 
1 0.1 007/s1 2030-008-901 0-4  (2008).  Became  available  online  in  2008  and  in  print  2009. 

•  Bickford,  L.,  Sun,  J.,  Fu,  K.,  Lewinski,  N.,  Nammalvar,  V.,  Chang,  J.,  Drezek.  R. 
“Enhanced  Multi-Spectral  Imaging  of  Live  Breast  Cancer  Cells  Using  Immunotargeted 
Gold  Nanoshells  and  Two-Photon  Excitation  Microscopy.”  Nanotechnology.  19:  315102 
(6pp)  doi:  10.1088/0957-4484/19/31/315102  (2008).  Published  June  24,  2008. 

Abstracts 

•  Bickford,  L.  and  Drezek.  R.  Gold  Nanoshells  as  Potential  Real-Time  Intraoperative 
Molecular  Probes  for  HER2/NEU  Cverexpression  Using  Near-Infrared  Reflectance 
Confocal  Microscopy.  Annual  Houston  Conference  on  Biomedical  Engineering  Research. 
Houston,  TX.  March  2009. 
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•  Hu,  Y.,  and  Drezek,  R.  Angular  scatter  patterns  from  multi-layered  gold  nanoshells. 
Materials  Research  Society  Spring  Annual  National  Meeting.  San  Francisco,  CA.  April 
2009. 

•  Sun,  J.,  Fu,  F.,  Zhu,  M-Q.,  Bickford,  L.,  Post,  E.,  and  Drezek.  R.  “PbS  quantum  dots  for 
near-infrared  fluorescence  imaging.”  OSA  2008  Frontiers  in  Optics  (FiO)/Laser  Science 
XXIV  Conference.  Rochester,  NY.  October  19-23,  2008. 

Invited  Presentations 

•  Optical  activatable  nanoparticles  for  imaging  and  therapy  of  cancer.  Department 
Seminar.  Duke  University  Fitzpatrick  Optics  Institute  2008-2009  Seminar  Series. 
Durham,  NO.  March  2009. 

•  Optical  molecular  imaging  of  breast  cancer.  Baylor  College  of  Medicine  Cancer  Center 
Annual  Retreat.  Cleveland,  TX.  November  2008. 

•  Optical  molecular  imaging  and  therapy  of  breast  cancer.  Distinguished  Speaker 
Seminar  Series.  Department  of  Pharmacology.  University  of  Houston.  April  2009. 

•  Optically  activatable  nanoparticles  for  imaging  and  therapy  of  cancer.  Department 
Seminar.  University  of  Rochester.  Department  of  Biomedical  Engineering. 

Rochester,  NY.  November  2008. 

•  Translational  research  in  optical  molecular  imaging  of  breast  cancer.  Rice  University 
Something  New  for  Lunch  Lecture  Series.  Houston,  TX.  October  2008. 

•  Invited  talked  “Advances  in  Nanobiophotonics”  IEEE  LEOS  Summer  Topical  Conference. 
July  2008. 

Employment 

•  The  PI  was  promoted  to  Professor  of  Biomedical  Engineering  in  large  part  because  of 
results  obtained  through  this  research  project. 

•  The  PI  has  been  invited  to  become  Adjunct  Faculty  at  Baylor  College  of  Medicine 
because  of  the  breast  cancer  collaborations  initiated  as  part  of  this  research 
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CONCLUSIONS 


Our  research  team,  comprised  of  my  group  at  Rice  and  MDACC  collaborators,  is  focusing  the 
majority  of  its  Era  of  Hope  research  efforts  specifically  in  areas  of  breast  cancer  care  where  the 
combination  of  miniaturized  opticai  devices  and  moiecuiar-specific  imaging  agents  offer  the 
potential  to  address  current  gaps  in  care.  There  are  two  primary  areas  where  I  believe  our 
technologies  can  make  the  biggest  difference:  eariy  detection  and  monitoring  therapy. 
Optical  spectroscopy,  implemented  through  small  fiber  optics,  can  provide  clinically  valuable 
information  ranging  from  cellular  metabolic  status  (via  endogenous  fluorescence)  to  nuclear  size 
(correlated  to  optical  scatter)  to  quantitative  measurements  of  molecular  markers  (through 
targeted  imaging  agents  under  development  in  our  lab).  Most  of  our  effort  has  focused  on 
development  of  needle-compatible  spectroscopic  and  direct  imaging  probes  for  breast  cancer 
applications.  The  technology  is  being  designed  for  clinical  applications  for  which  it  is  valuable 
to  have  a  local  high  resolution  imaging  method  to  complement  a  more  macroscopic  imaging 
modality  (for  example,  during  ultrasound  guided  breast  biopsy).  Progressive  design  and 
evaluation  of  these  needle-based  technologies  is  Project  1  of  our  DOD  project.  In  addition  to 
technology  efforts  funded  by  CDMRP,  we  have  also  been  able  to  initiate  other  new  translational 
breast  imaging  projects  since  moving  into  the  breast  cancer  field  after  receipt  of  an  EOHS  award. 
For  instance,  we  are  developing  a  wide-field  spectral  imaging  device  to  monitor  response  to 
treatment  of  inflammatory  breast  cancer  patients.  To  complement  our  imaging  technology 
development  projects,  the  second  primary  effort  underway  is  development  of  molecular-specific 
optical  imaging  probes  (Projects  2/3).  Many  similar  probes  developed  to  date  have  been 
suitable  for  lab-based  but  not  clinical  work.  A  challenge  of  most  NP-based  molecular  contrast 
methods  has  been  that  conventional  imaging  protocols  require  incubation  periods  of  over  one 
hour.  This  is  not  clinically  viable  for  either  for  our  diagnostic  or  monitoring  applications.  During 
Year  1 ,  we  developed  protocols  for  imaging  of  HER2  which  preserves  -90%  of  optical  contrast  at 
10  minutes.  The  fast  imaging  times  we  have  been  able  to  achieve  open  up  the  possibility  of 
another  type  of  breast  cancer  monitoring  application:  tumor  margins  assessment.  Especially 
in  community  hospital  settings,  there  is  a  critical  need  for  new  technologies  for  rapid 
intraoperative  margins  assessment.  To  be  viable,  a  complete  procedure  must  be  accomplished 
in  under  15-20  minutes.  Much  of  the  work  already  underway  in  Project  2  is  directly  applicable 
to  tumor  margins  assessment  and  we  expect  to  request  several  modifications  to  the  SOW  during 
Year  3  to  allow  us  to  pursue  more  focused  biological  evaluation  than  initially  proposed  (adding  in 
tissue  protocols  to  future  years)  incorporating  tumor  margin  applications  into  our  effort.  In 
summary,  our  EOHS  award  is  guided  by  a  philosophy  of  developing  practical,  low  cost 
technologies  which  can  be  moved  quickly  into  clinical  testing  so  that  we  can  most  effectively 
understand  the  potential  and  limitations  of  these  new  approaches  to  optical  imaging  of  breast 
cancer  and  optimally  direct  our  efforts  to  maximize  impact  on  detection  and  treatment. 
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Near-Infrared  Quantum  Dot  Contrast  Agents  for  Fluorescence  Tissue  Imaging:  A 
Phantom  Study 
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Abstract:  Due  to  their  small  size  and  red-shifted  excitation  and  emission  bands,  lead  sulfide  (PbS)  near-infrared  (NIR)  quantum  dots 
(QDs)  are  potentially  promising  optical  contrast  agents  for  in  vivo  tumor  imaging  applications.  In  this  phantom-based  study,  we  corre¬ 
lated  PbS  NIR  QD  concentrations  to  feasible  imaging  depths.  A  fluorescence  imaging  system  (FIS)  was  used  to  acquire  images  of  QD- 
filled  tumor  models,  which  were  embedded  in  liquid  tissue  phantoms.  For  the  lowest  tested  concentration  of  200  nM,  PbS-QD-filled  tu¬ 
mor  models  could  be  imaged  at  a  tissue  phantom  depth  of  15  mm.  Additionally,  the  FIS  was  used  to  compare  the  imaging  potential  of 
PbS  QDs  to  quantum  dots  that  fluoresce  in  the  visible  spectral  range.  Results  indicated  that  tumor  models  with  photons  emitted  in  the 
NIR  region  can  be  imaged  with  less  distortion  than  those  with  photons  emitted  in  the  visible  spectrum.  As  the  phantom  thickness  over  the 
tumors  was  increased  from  0  to  1.75  mm,  the  half-intensity  widths  of  normalized  fluorescence  images  produced  by  red  QDs  (acquired 
peak  at  -645  nm)  increased  by  -300%;  for  NIR  QDs  (acquired  peak  at  -880  nm),  the  widths  increased  by  -140%.  Due  to  the  decreased 
scattering  effect  of  the  tissue  phantoms  in  the  NIR  spectral  range,  the  margins  of  PbS  QD  images  were  better  defined  than  those  of  the 
corresponding  red  images. 

Key  Words:  Near-infrared,  quantum  dot,  fluorescence,  optical  imaging,  phantom. 


I.  INTRODUCTION 

A  “therapeutic  window”  exists  in  the  spectral  region  of  700  to 
1200  nm  which  allows  near-infrared  (NIR)  light  to  penetrate  several 
centimeters  into  human  tissue  [1-4].  Recently,  the  development  of 
various  NIR  fluorescence  contrast  agents  has  promoted  the  applica¬ 
tion  of  NIR  fluorescence  biomedical  imaging  techniques  [4-8]. 
Among  those  strategies  employing  fluorescence  contrast  agents,  the 
use  of  lead  sulfide  (PbS)  NIR  quantum  dots  (QDs)  is  expected  to 
yield  promising  results  for  in  vivo  imaging  applications.  PbS  QDs 
are  nanometer-sized,  core-shell  semiconductor  structures  that  pos¬ 
sess  a  strong  emission  peak  in  the  NIR  region  [6,  9,  10].  With  spe¬ 
cific  surface-modification,  the  water  solubility  and  biocompatibility 
of  PbS  QDs  can  be  greatly  enhanced  [11].  Since  the  emission  peak 
of  these  quantum  dots  can  be  easily  tuned  to  the  desired  wavelength 
by  tailoring  the  particle  size,  PbS  QDs  can  provide  great  emission 
band  flexibility  for  in  vivo  NIR  tissue  imaging  applications  [5,  6,  9, 

II,  12]. 

Since  the  introduction  of  quantum  dots  in  the  late  1970s,  nu¬ 
merous  reports  have  been  published  that  examine  the  use  of  these 
nanoparticles  as  fluorescence  imaging  contrast  agents  [6,  10,  12- 
15].  Compared  to  quantum  dots  that  fluoresce  in  the  visible  spectral 
range,  PbS  NIR  QDs  have  their  own  unique  properties  for  in  vivo 
deep  tissue  fluorescence  imaging  applications  [2,  6,  9,  10,  16].  As 
reported  in  previous  publications,  for  PbS  QDs  that  have  an  emis¬ 
sion  peak  at  -1010  nm,  the  average  particle  size  is  -4  to  5  nm  be¬ 
fore  surface  modification;  after  surface  modification,  particles  show 
no  significant  increase  in  size  when  observed  by  transmission  elec¬ 
tron  microscopy  (TEM)  [9].  Therefore,  it  is  believed  that  the  rela¬ 
tively  small  size  of  PbS  QDs  will  facilitate  body  clearance  of  these 
particles  during  clinical  trials  [17].  Moreover,  the  corresponding 
excitation  spectrum  of  these  QDs  spans  the  range  from  visible  to 
NIR  [9,  11-12]  and  the  emission  peak  of  PbS  QDs  can  be  system¬ 
atically  tuned  in  the  NIR  spectral  range.  Thus,  both  the  wide  excita¬ 
tion  band  and  the  red-shifted  emission  peak  provide  flexibility  in 
the  choice  of  proper  working  wavelength  regions;  this  will,  in  turn, 
avoid  most  of  the  effects  of  tissue  auto  fluorescence  [18,  19]. 

A  bandpass  excitation  filter  of  671  to  705  nm  was  selected  for 
the  depth-resolved  tissue  phantom  experiments  discussed  below. 


*Address  correspondence  to  this  author  at  the  Department  of  Bioengineering,  Rice 
University,  6100  Main  Street,  Houston,  TX  77005,  USA;  Tel:  (713)  348-3011;  Fax: 
(713)  348-5877;  E-mail:  drezek@rice.edu 

1573-4137/09  $55.00+.00 


This  range  avoids  the  major  absorption  peaks  of  intrinsic  auto- 
fluorophores,  and  therefore  permits  improved  illumination  into  the 
samples  [18-21].  In  this  experiment,  the  fluorescence  spectrum  of 
the  excited  PbS  QDs  peaks  at  a  wavelength  of  -880  nm  when  ac¬ 
quired  with  a  Maestro  imaging  system  (CRi,  Woburn,  MA).  Under 
these  conditions,  the  NIR  quantum  dot  signal  can  be  easily  distin¬ 
guished  from  tissue  autofluorescence  background  [18]  and  images 
with  improved  contrast  can  then  be  obtained.  Furthermore,  in  com¬ 
parison  with  visible  QDs,  the  minimum  absorption  and  scattering 
coefficients  of  tissue  samples  in  the  NIR  region  allow  photons  emit¬ 
ted  from  PbS  QDs  to  propagate  deeper  into  tissue  [1,  2].  Images  of 
PbS-QD-filled  tumor  models  embedded  in  tissue  phantoms  also 
exhibit  minimal  blurring  at  tumor  margins  due  to  the  reduced  scat¬ 
tering  effect. 

We  have  previously  shown  the  possibility  of  using  bioconju¬ 
gated  PbS  QDs  as  NIR  contrast  agents  for  targeted  molecular  imag¬ 
ing  applications  [22].  As  a  step  towards  in  vivo  tissue  fluorescence 
screening  using  PbS  NIR  quantum  dots  and  the  Maestro  imaging 
system,  a  tissue  phantom  study  was  carried  out  to  identify  and 
evaluate  the  imaging  potential  of  these  NIR  nanocrystals  and  to 
acquire  a  basic  understanding  of  the  contrast  agent  concentrations 
required  to  obtain  clear  and  acceptable  images.  Additionally,  the 
imaging  advantages  of  NIR  QDs  have  been  compared  with  QDs 
that  fluoresce  in  the  visible  spectral  range. 

2.  METHODS 

2.1.  NIR  Quantum  Dot  Fabrication  and  Surface  Modification 

The  lead  sulfide  NIR  QDs  used  in  this  study  were  synthesized 
[9,  11,  12]  and  surface  modified  in  accordance  with  methods  pre¬ 
sented  in  previous  publications  [6,  10,  11].  The  NIR  fluorescence 
peak  of  these  PbS  quantum  dots  can  be  tailored  to  the  desired  imag¬ 
ing  wavelength  range  and  optimized  for  the  imaging  system  em¬ 
ployed  [9,  11]. 

2.2.  Tissue  Phantom  and  Tumor  Models 

Human  tissue  is  a  highly  turbid  media  with  strong  absorption 
and  scattering  effects  in  the  ultraviolet  (UV)  and  visible  spectral 
regions  [1,  18,  23].  However,  it  is  within  the  NIR  wavelength  re¬ 
gion  of  700  to  1200  nm  where  most  biomolecular  absorption  coef¬ 
ficients  reach  their  minimum  values  [1,  2,  5,  18,  24].  To  study  light 
propagation  and  distribution  in  human  tissue,  various  phantoms 
have  previously  been  developed  that  simulate  tissue  optical  proper- 
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Detector 


Fig.  (1).  Experimental  tissue  phantom  setup  (I). 

ties  within  the  visible  and  NIR  spectral  regions  [23,  25].  In  the  fol¬ 
lowing  experiments,  tissue  phantoms  composed  of  1%  Liposyn 
solutions  (Abbot  Labs,  North  Chicago,  IL)  were  used  to  mimic  the 
absorption  and  scattering  properties  of  human  breast  tissue  [23,  25- 
27], 

Two  types  of  experimental  phantom  setups  were  employed. 
First,  different  concentrations  of  PbS-QD  filled  cylindrical  20  x  8 
mm  glass  vials  were  embedded  in  a  1%  Liposyn  phantom.  By 
changing  the  volume  of  the  Liposyn  solution,  tumors  with  different 
QD  concentrations  can  be  imaged  at  various  phantom  thicknesses 
(Fig.  (1)).  This  procedure  was  used  to  provide  insight  into  the  pos¬ 
sibility  of  using  PbS  QDs  for  deep  tissue  imaging,  as  well  as  impart 
a  fundamental  understanding  of  the  contrast  agent  concentrations 
required  for  sufficient  tumor  image  acquisition  at  various  depths. 

Second,  a  phantom-filled  transparent  container  was  placed 
above  a  384-well  microplate  (Greiner  Bio-one  North  America,  Inc.) 
which  has  3.7  x  3.7  mm  square  wells  that  were  used  to  house  quan¬ 
tum  dot  suspensions  (see  Fig.  (2)).  Two  adjacent  wells  were  filled, 
respectively,  with  CdSe/CdS  red  quantum  dots  and  PbS  NIR  quan¬ 
tum  dots  of  the  same  concentration  (-1  [xM)  and  same  volume  (100 
qL/well).  Using  the  Maestro  imaging  system,  fluorescence  images 
of  tumor  models  with  both  the  red  QDs  (acquired  emission  peak  at 
-645  nm)  and  the  NIR  QDs  (acquired  emission  peak  at  -880  nm) 
were  analyzed.  This  procedure  was  used  to  obtain  specific  data 
about  the  blurring  effect  associated  with  using  the  tumor  margin 
model  for  each  type  of  QD,  which  was  assessed  by  varying  phan¬ 
tom  thickness  (Fig.  (2)). 

Detector 


The  second  phantom  setup  was  used  to  simulate  relatively  small 
tumor  tissue  embedded  close  to  superficial  skin.  To  simultaneously 
image  visible  and  NIR  QDs,  an  excitation  band  of  lower  wave¬ 
lengths  was  necessary.  As  a  result  of  using  lower  wavelengths, 
however,  the  excitation  photons  could  not  penetrate  deep  into  the 
tissue  phantom.  In  addition,  a  strong  autofluorescence  background 
was  associated  with  this  excitation  band.  To  minimize  the  influ¬ 
ences  of  the  excitation  light,  a  superficial  phantom  setup  was 
needed.  Moreover,  the  3 84- well  microplate  provided  well-defined 
square  geometries  and  sharp  edges,  which  were  necessary  for  the 
blurring-effect  component  of  the  study. 

2.3.  Fluorescence  Image  Acquisition  and  Processing 

A  Maestro  imaging  system  equipped  with  proper  filter  sets 
(CRi,  Woburn,  MA)  was  used  to  acquire  all  the  fluorescence  im¬ 
ages  in  this  report.  The  working  wavelength  ranges  of  all  the  filters 
used  were  provided  by  the  Maestro  imaging  system  unless  other¬ 
wise  specified.  Table  1  summarizes  the  filter  sets  that  were  used  in 
the  study.  With  the  advantages  of  multispectral  acquisition  and 
quantitative  data  analysis,  this  system  can  provide  improved  imag¬ 
ing  flexibility  and  sensitivity  [28].  Therefore,  the  fluorescence  sig¬ 
nals  from  phantom  autofluorescence,  red  QDs,  and  NIR  QDs  can  be 
effectively  separated  from  the  stack  of  wavelength-resolved  fluo¬ 
rescence  images.  To  further  evaluate  the  dimensions  of  the  image  of 
each  square  well  of  QDs,  as  described  in  the  previous  section  (Fig. 
(2)),  post-acquisition  image  processing  was  performed  using  Mat- 
Lab  codes. 


Table  1.  Filter  Sets  Used  in  Study 


Set! 

Set  2 

Set  3 

Excitation  Filter 

575-605  nm 

671-705  nm 

503-555  nm 

615-665  nm 

Emission  Filter 

700  nm  longpass 

750  nm  longpass 

600  nm  longpass 

3.  RESULTS 

Four  cylindrical  20  x  8  mm  glass  vials  were  filled  with  0.2  (xM, 
0.4  [xM,  1  (xM,  and  2  (xM  PbS  quantum  dots  suspended  in  phos¬ 
phate  buffered  saline  (PBS),  respectively.  For  the  condition  in 
which  there  was  no  phantom  above  these  vials  (see  Fig.  (1)),  fluo¬ 
rescence  images  of  all  four  samples  were  obtained  under  the  exact 
same  acquisition  conditions  using  the  fluorescence  imaging  system. 
The  average  signal  intensity  of  the  acquired  images  of  each  vial  of 
QDs  was  then  extracted  using  the  Maestro  image  processing  pro¬ 
gram.  To  assess  the  influences  of  acquisition  time  and  quantum  dot 
concentration  on  the  average  signal  intensities,  NIR  fluorescence 
images  were  taken  in  a  series  and  then  processed.  As  shown  in  Fig. 
(3a)  and  Fig.  (3b),  the  average  QD  image  intensity  increased  line¬ 
arly  as  the  QD  concentration  increased.  Additionally,  the  slope  also 
increased  linearly  as  the  acquisition  time  increased  for  images  ob¬ 
tained  with  acquisition  times  of  100  ms,  200  ms,  and  300  ms.  The 
imaging  results  show  that  these  same  quantum  dot  image  intensities 
can  be  affected  by  the  particular  applied  excitation  band  [11].  Spe¬ 
cifically,  Fig.  (3a)  and  Fig.  (3b)  show  the  differences  that  result 
from  variations  in  the  excitation  bands,  since  the  same  700  nm 
longpass  emission  filter  was  utilized.  An  excitation  band  from  615 
to  665  nm  was  used  for  Fig.  (3a),  whereas  the  corresponding  excita¬ 
tion  band  for  Fig.  (3b)  ranged  from  575  to  605  nm. 

To  evaluate  the  PbS  QD  concentration  needed  for  an  acceptable 
image  at  different  tissue  depths,  the  thickness  of  the  phantom  above 
each  NIR  tumor  model  was  systematically  varied  (Fig.  (1)).  For  the 
visible  and  near-infrared  spectral  ranges,  the  wavelength-dependent 
reduced  scattering  coefficient  of  the  1%  Liposyn  tissue  phantom,  as 
shown  in  Fig.  (4),  was  obtained  from  previous  literature  [26,  27,  29- 


Fig.  (2).  Experimental  tissue  phantom  setup  (II). 
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PbS  Concentration  (nM)  PbS  Concentration  (^M) 
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Fig.  (3).  Average  image  intensities  of  PbS  NIR  QDs  acquired  with  no  phantom  and  a  700  nm  longpass  emission  (Em)  filter  (a)  Ex  (excitation):  615-665  nm 
(b)  Ex:  575-605  nm.  (n=3). 
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Fig.  (4).  Reduced  scattering  coefficient  of  1  %  Liposyn  tissue  phantom. 

31].  The  corresponding  absorption  coefficient  was  dominated  by 
water  absorption,  which  varies  from  0.001  to  0.3  cm'*  [26,  29,  32]. 
To  demonstrate  potential  in  vivo  tissue  diagnostic  applications,  the 
imaging  process  was  optimized  by  using  a  bandpass  excitation  filter 
of  671  to  705  nm  (deep-red  excitation  filter)  coupled  with  a  750  nm 
longpass  emission  filter  (deep-red  emission  filter)  to  acquire  the 
fluorescence  images  of  PbS-QD-filled  tumor  models.  Both  the  av¬ 
erage  QD  image  intensity  and  quality  decreased  with  increasing 
phantom  thickness.  To  assess  image  quality,  the  tumor-to- 
background  ratio  (TBR)  was  evaluated.  Similar  to  that  described 
by  Adams  et  al.  [33],  TBR  is  defined  as  the  ratio  of  the  average 
tumor  region  intensity  to  the  average  background  region  intensity. 
A  TBR  threshold  value  of  1.22  was  used  to  distinguish  acceptable 
images  from  unacceptable  ones.  Clear  fluorescence  images 
(TBR>1.22)  of  both  1  [xM  and  2  [xM  quantum  dot  suspensions  were 
obtained  at  a  phantom  thickness  of  25  mm  with  an  acquisition  time 
of  900  ms.  However,  even  with  the  same  imaging  conditions,  a 
clear  QD  image  (TBR>1.22)  could  only  be  acquired  at  a  phantom 
thickness  of  less  than  20  mm  for  the  0.4  [xM  quantum  dots.  As  for 
the  0.2  [xM  QD  tumor  model,  which  has  a  similar  order  of  magni¬ 


tude  of  QD  concentration  as  previous  reports  [34],  reasonable  im¬ 
ages  could  not  be  obtained  when  the  phantom  was  thicker  than  15 
mm.  The  normalized  average  QD  image  intensities  at  various  con¬ 
centrations  are  shown  in  Fig.  (5).  These  normalized  average  image 
intensities  were  obtained  by  subtracting  the  average  background 
region  intensities  from  the  average  tumor  region  intensities.  Al¬ 
though  the  maximum  imaging  depths  for  different  concentrations  of 
QDs  vary  considerably,  their  normalized  average  image  intensities 
have  the  same  decreasing  trend  when  plotted  as  a  function  of  phan¬ 
tom  thickness  (Fig.  (5)). 

To  compare  the  imaging  properties  of  visible  quantum  dots  and 
near-infrared  quantum  dots,  the  second  experimental  phantom  setup 
(see  Fig.  (2)),  as  described  in  the  methods  section,  was  employed. 
The  normalized  fluorescence  spectra  of  both  CdSe/CdS  (red)  and 
PbS  (NIR)  quantum  dots  obtained  under  the  same  excitation  and 
imaging  conditions  are  shown  in  Fig.  (6).  A  green  bandpass  excita¬ 
tion  filter  of  503  to  555  nm  and  a  600  nm  longpass  filter  were  used 
in  tandem  to  simultaneously  obtain  the  fluorescence  images  of  both 
types  of  quantum  dots.  After  spectral  unmixing  [28],  CdSe/CdS 
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Phantom  Depth  (mm) 

Fig.  (5).  Normalized  average  intensities  of  different  concentrations  of  PbS  NIR  QDs  versus  phantom  thickness  (obtained  with  a  bandpass  excitation  filter  of 
671  to  705  nm  coupled  with  a  750  nm  longpass  emission  filter,  acquisition  time:  900  ms)  (n=3). 


600  700  800  900 

Wavelength  (nm) 

Fig.  (6).  Normalized  fluorescence  spectra  of  CdSe/CdS  (red)  and  PbS  (NIR)  quantum  dots  (obtained  with  Maestro  Imaging  System). 


(red)  and  PbS  (NIR)  quantum  dot  images  can  be  isolated  from  each 
other  as  well  as  from  the  phantom  autofluorescence.  A  series  of 
fluorescence  images,  after  the  spectral  unmixing  processing  for 
both  the  red  and  the  NIR  Qds,  is  shown  in  Fig.  (7).  Initially,  when 
there  are  no  phantoms  above  the  QDs,  clear  images  of  the  square 
wells  can  be  acquired,  and  the  image  size  of  these  wells  is  almost 
exactly  the  same  for  both  types  of  QDs.  As  the  phantom  thickness 
gradually  increased,  the  average  intensities  decreased  for  both  kinds 
of  quantum  dot  fluorescence  images,  a  finding  which  supports  pre¬ 
vious  results.  Notably,  the  images  of  the  red  QDs  are  larger  and  less 
distinct  than  those  of  the  NIR  QDs,  even  though  they  are  obtained 
under  the  same  conditions.  To  compare  the  enlarging  and  blurring 
effects  of  these  two  different  types  of  QDs  as  a  function  of  the 
phantom  thickness,  a  section  line  was  drawn  for  each  fluorescence 
square  well  in  Fig.  (7).  This  section  line  goes  directly  through  the 
center  of  every  square  well  image  and  splits  it  into  two  equal  rec¬ 
tangular  parts.  The  normalized  fluorescence  intensity  along  the 
section  line  was  plotted  as  a  function  of  pixel  position.  Based  on  the 
data  in  Fig.  (8),  it  can  be  observed  that  when  the  phantom  thickness 
increased  from  0  to  1.75  mm,  the  half-intensity  widths  of  the  red- 
QD-filled  wells  expanded  by  -300%,  while  those  of  the  NIR-QD- 
filled  wells  expanded  by  only  -140%.  Moreover,  the  margins  of  the 


NIR-QD-filled  wells  were  better  defined  than  the  margins  of  the 
red-QD-filled  wells. 

4.  DISCUSSION  AND  CONCLUSIONS 

The  phantom  results  indicate  that  lead  sulfide  NIR  quantum 
dots  possess  essential  properties  for  fluorescence  imaging  applica¬ 
tions.  Increasing  either  the  concentration  of  QDs  used  or  the  image 
acquisition  time  can  enhance  collected  image  intensities.  When  PbS 
QDs  are  directly  excited  with  yellow  or  red  light  and  imaged  with 
the  Maestro  system,  clear  fluorescence  images  can  be  obtained  with 
the  lowest  tested  concentration  of  200  nM  and  the  lowest  tested 
acquisition  time  of  100  ms.  In  addition  to  these  two  factors,  PbS 
QD  fluorescence  image  intensity  is  also  influenced  by  the  excitation 
band  used  (Fig.  (3)).  Since  tissue  absorption  and  scattering  effects 
are  heavily  wavelength-dependent  [2,  18,  23],  an  optimized  excita¬ 
tion  band  should  be  carefully  chosen  before  PbS  QDs  are  used  for 
NIR  tissue  imaging  applications. 

For  the  results  shown  in  Fig.  (5),  clear  NIR  images  were  ob¬ 
tained  with  the  lowest  tested  PbS  QD  concentration  of  200  nM  at 
the  phantom  depth  of  15  mm  when  imaged  with  an  acquisition  time 
of  900  ms  and  deep-red  excitation  and  emission  filter  sets.  The  red- 
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Fig.  (7).  Phantom  thickness-resolved  florescence  images  of  NIR  QDs  (spec¬ 
tral  unmixed,  left  column)  and  red  QDs  (spectral  unmixed,  right  column). 

shifted  excitation  band  of  671  to  705  nm  maximizes  the  illumina¬ 
tion  penetration  depth  into  the  tissue  phantom,  and  the  750  nm 


longpass  emission  filter  eliminates  most  phantom  autofluorescence. 
Both  factors  improved  image  quality  at  relatively  deep  tissue  sites. 
The  optimal  excitation  and  emission  wavelengths  for  PbS  QD  fluo¬ 
rescence  imaging  were  determined  using  a  step-by-step  approach. 
First,  the  emission  wavelengths  were  selected  to  be  in  the  NIR  re¬ 
gion.  This  region  was  selected  because  both  tissue  absorption  and 
scattering  coefficients  are  minimal  in  the  NIR.  For  our  imaging 
system,  and  with  the  use  of  PbS  QD  contrast  agents,  the  optimal 
emission  band  of  750  to  950  nm  was  chosen.  Then  the  optimal  exci¬ 
tation  wavelengths  were  selected  based  on  the  aforementioned  e- 
mission  band.  There  were  three  excitation  filters  available:  one  with 
an  excitation  band  of  575  to  605  nm,  a  second  with  615  to  665  nm, 
and  a  third  with  671  to  705  nm.  The  575  to  605  nm  filter  was 
eliminated  because  it  induced  a  strong  autofluorescence  back¬ 
ground.  Although  tissue  phantom  autofluorescence  induced  by  the 
615  to  665  and  671  to  705  nm  filters  were  similar  to  each  other,  the 
671  to  705  nm  excitation  band  resulted  in  less  tissue  scattering.  The 
optimal  excitation  wavelength  range  of  671  to  705  nm  was  finally 
chosen  in  conjunction  with  the  optimal  emission  band  of  750  to  950 
nm.  As  shown  in  Fig.  (5),  although  the  QD  concentration  and  the 
imaging  depth  vary  over  a  wide  region,  the  normalized  average 
image  intensity  for  each  assessed  concentration  possesses  the  same 
variable  trend  with  respect  to  the  corresponding  increase  in  tissue 
phantom  depth. 

Another  advantage  of  using  PbS  QDs  for  tissue  imaging  appli¬ 
cations  is  their  red-shifted  emission  wavelengths  in  the  NIR  region. 
As  previously  reported,  tissue  absorbs  and  scatters  NIR  light  less 
than  UV  or  visible  light  [2,  26,  35].  Therefore,  most  of  the  NIR 
emission  photons  from  PbS  QDs  will  pass  through  the  phantom 
with  only  a  few  scattering  events  and  be  detected  by  the  camera  [1, 
19,  36].  This  reduced  scattering  effect  will  potentially  result  in  an 
important  property  of  NIR  QD  imaging:  improved  margin  delinea¬ 
tion. 

The  ability  to  obtain  better-confined  tumor  images  significantly 
impacts  both  cancer  diagnosis  and  surgery  [37-40].  Currently,  sur¬ 
geons  excise  both  the  suspected  malignant  tumor  tissue  and  the 
benign  tissue  surrounding  the  tumor  site  to  ensure  elimination  of 
cancer  cells.  Aside  from  causing  the  patient  pain  and  suffering,  this 
procedure  requires  extensive  recovery  time  [37-40].  However,  if  the 
tumor  could  be  imaged  with  improved  clarity  during  surgery,  for 
example,  with  the  potential  help  of  bioconjugated  PbS  NIR  QDs, 
the  required  tissue  excision  would  be  greatly  reduced,  with  promis¬ 
ing  benefits  for  both  patients  and  physicians  [37-40]. 

As  shown  in  Fig.  (7),  as  the  phantom  thickness  increases,  the 
images  of  the  NIR-QD-filled  square  wells  demonstrate  better- 


Pixel  Position 


Fig.  (8).  Normalized  fluorescence  intensity  of  red  and  NIR  QDs  at  various  phantom  depths  versus  pixel  position  along  section  line. 
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defined  margins  than  those  of  the  red-QD-filled  wells.  In  addition, 
the  images  of  the  red  wells  with  a  1.75  mm  phantom  are  much 
larger  than  their  initial  images  taken  without  a  phantom,  even 
though  both  were  obtained  under  the  same  imaging  conditions.  In 
contrast,  the  corresponding  images  of  the  NIR  wells  are  similar  in 
size  regardless  of  phantom  presence.  It  is  believed  that  the  wave- 
length-dependent  phantom  optical  properties  may  be  one  of  the 
most  important  factors  that  result  in  these  different  red  and  NIR 
images. 

Although  the  experimental  results  shown  in  Fig.  (7)  are  promis¬ 
ing,  there  may  be  concerns  about  the  green  excitation  band  (503  to 
555  nm)  used  and  the  maximum  imaging  depth  achieved.  A  green 
filter  was  used  for  excitation  in  order  to  simultaneously  excite  both 
the  red  and  NIR  QDs  and  compare  the  images  obtained  under  the 
same  conditions.  With  the  fluorescence  imaging  system,  a  red  (615 
to  665  nm)  or  deep-red  (671  to  705  nm)  excitation  band  is  typically 
recommended  for  deep  tissue  PbS  NIR  QD  imaging  because  this 
band  maximizes  illumination  penetration  and,  simultaneously, 
avoids  the  excitation  of  most  tissue  autofluorescence.  The  maxi¬ 
mum  phantom  depth  of  1.75  mm  was  applied  in  the  above  experi¬ 
ments  in  order  to  obtain  reasonable  images  from  both  the  red  and 
NIR  QDs  at  that  depth. 

In  conclusion,  a  phantom  study  in  which  PbS  QDs  are  used  as 
contrast  agents  for  fluorescence  imaging  applications  is  reported. 
The  experiments  show  that  lead  sulfide  NIR  quantum  dots  possess 
enhanced  fluorescence  imaging  properties.  When  collected  with  the 
deep-red  excitation  and  emission  filter  set,  adequate  NIR  QD  fluo¬ 
rescence  images  were  obtained  with  a  maximum  tissue  phantom 
thickness  of  15  mm  at  a  particle  concentration  of  200  nM  and  an 
acquisition  time  of  900  ms.  Furthermore,  the  improved  tumor  mar¬ 
gin  confinement  images  obtained  from  PbS  QD  contrast  agents,  as 
explained  above,  are  indicative  of  their  promising  surgical  applica¬ 
tions  for  future  in  vivo  tumor  detection. 
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ABBREVIATIONS 

PbS  =  lead  sulfide 

NIR  =  near-infrared 


QDs 

PIS 

TEM 

UV 

PBS 

TBR 

Em 


quantum  dots 

fluorescence  imaging  system 
transmission  electron  microscopy 
ultraviolet 

phosphate  buffered  saline 
tumor-to-background  ratio 
emission 


Ex  =  excitation 
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Photothermal  bubbles  as  optical  scattering  probes 
for  imaging  living  cells 


Aims:  We  propose  and  have  experimentally  studied  a  new  method  with  improved  sensitivity  and  specificity 
of  imaging  of  living  cells.  Method:  Intracellular  photothermal  bubbles  generated  around  gold  nanoparticles 
(NPs)  and  their  clusters  were  proposed  as  optical  scattering  probes  for  the  amplification  of  scattered  light. 
Results:  Microbubbles  generated  around  gold  spheres  and  shells  with  10-ns  532-nm  laser  pulses  in  individual 
living  cells  (leukemia  cells,  lung  and  squamous  carcinoma  cancer  cells)  have  amplified  optical  side  scattering 
up  to  1800-times  relative  to  that  of  intracellular  gold  NPs,  and  without  detectable  damage  to  host  cells.  We 
explain  the  discovered  optical  amplification  by  the  endocytosis-mediated  clustering  of  NPs  in  cells,  and  by  the 
selective  generation  of  microbubbles  (that  do  not  disrupt  the  host  cell)  around  these  clusters  at  minimal  levels 
of  laser  pulse  fluence.  Condusions:  Photothermal  bubbles  generated  around  laser-activated  gold  NPs  may 
significantly  improve  the  sensitivity  and  specificity  of  cell  imaging,  and  can  be  considered  as  a  new  type  of 
optical  cellular  probes. 
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The  excellent  optical  absorption  and  scatter¬ 
ing  properties  of  metal  nanoparticles  (NPs), 
combined  with  their  safety  and  functionality 
of  selective  targeting,  have  stimulated  their 
cytometric  and  imaging  applications  as  cel¬ 
lular  and  molecular  probes  [i].  Gold  NPs  are 
the  safest  imaging  nanomaterial  [2.3],  and  their 
opucal  properties  can  be  adjusted  through  their 
shape  and  size  [2-8}.  Functionalized  gold  NPs 
can  be  delivered  to  target  molecules  located  in 
the  cellular  membrane,  and  potentially  to  the 
cytoplasm  and  nuclei  without  compromising 
cell  physiology  is.io].  Optical  scattering  with 
NPs  as  cellular  probes  [n-i5l  has  been  applied 
for  microscopy,  flow  cytometry  and  endoscopy 
by  coupling  strongly  scattering  NPs  with  tar¬ 
get  endogenous  molecules,  whose  scattering 
properties  arc  too  weak  for  imaging.  Results 
have  shown  the  strong  potential  of  gold  NPs  as 
optical  probes.  Scattered  optical  signals  can  be 
detected  in  vivo  and  in  situ.  In  comparison  with 
fluorescent  probes,  gold  NPs  are  less  toxic  and 
have  higher  photodamage  thresholds.  However, 
gold  NPs  as  optical  scattering  probes  do  not 
provide  high  sensitivity  and  specificity  at  the 
cellular  and  molecular  levels,  especially  when 
being  used  in  a  highly  heterogeneous  environ¬ 
ment,  which  is  typical  for  in  vivo  application. 
Cellular  components  provide  a  strong  scattering 
background.  The  optical  energy  that  is  scattered 
by  NPs  depends  strongly  on  the  particle’s  diam¬ 
eter  (the  sixth  power),  vtdiich  requires  an  increase 


of  probe  size  by  hundreds  of  nanometers  to 
improve  sensitivity.  However,  this  complicates 
the  delivery  of  the  NPs  into  the  cells  because 
biological  factors  limit  the  maximal  diameter 
of  NPs  that  can  be  delivered  into  living  cells 
by  100  nm  for  cytoplasm,  and  by  20  nm  for 
nuclei  [9.10).  The  scattering  efficiency  of  small 
single  NPs  may  be  relatively  low  compared 
with  background  scattering  from  endogenous 
cellular  components.  Therefore,  the  cell  level 
scattering  imaging  (especially  for  intracellular 
targets)  requires  a  significant  increase  in  the 
sensitivity  and  in  the  specificity,  although  with¬ 
out  an  increase  of  NP  dimensions  and  laser 
fluence  to  avoid  photodamage  to  the  cell. 

A  further  increase  in  the  sensitivity  of  the 
imaging  methods  that  use  NPs  as  probes  may 
be  achieved  by  using  the  photothermal  (PT) 
properties  of  NPs  and  the  secondary  pheno¬ 
mena  of  laser-NP  interactions  such  as  thermal 
diffusion,  resulting  in  heating  of  the  surround- 
ii^  volume,  pressure  waves  and  bubble  genera¬ 
tion  owing  to  media  vaporization  [I6-I8J.  The 
combination  of  PT-imaging  techniques  [19-22] 
with  the  optical  properties  of  metal  NPs  has 
shown  promising  results  in  optical  microscopy, 
with  a  detection  limit  for  probe  size  of  several 
nanometers  and  a  high  signal-to-noisc  ratio 
[23.24],  However,  optical  rcfiractive  index  gra¬ 
dients  (even  produced  by  heated  metal  NPs) 
are  relatively  small,  and  thus  limit  the  sensi¬ 
tivity  and  temporal  resolution  of  PT  imaging. 
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Furthermore  the  PT  methods  require  increasing 
the  laser-induced  temperature  for  better  sensitiv¬ 
ity,  and  this  may  cause  thermal  damage  to  the 
probe  (or  target  molecule,  cell  and  organ),  and 
also  to  collateral  cells  and  tissues  [2S,2£].  If  the 
energy  is  concentrated  in  too  short  laser  pulses, 
the  risk  of  optical  dami^e  of  the  probe  or  cell 
also  increases  [27.28]. 

To  be  applied  for  the  analysis  of  sin^e  living 
cells  and  even  molecules,  optical  scattering  meth¬ 
ods  require  a  significant  increase  in  sensitivity, 
although  they  arc  attractive  owing  to  their  safety, 
speed  and  universal  applicability.  We  have  pro¬ 
posed  a  new  imaging  method  based  upon  using 
vapor  bubbles  as  optical  cellular  probes.  This 
approach  uses  the  most  universal  and  natural 
PT  and  scattering  processes  through  the  ampli¬ 
fication  of  optical  scattering  with  vapor  bubbles 
generated  around  light-absorbing  NPs.  The  gen¬ 
eration  of  PT  bubbles  (PTBs)  in  livii^  tissues  is  a 
well-known  phenomenon  [29-J3] ,  but  the  bubbles 
were  conskfered  to  be  a  damaging  fiactor  to  the 
cells.  Based  on  this  the  bubbles  in  living  cells 
were  detected  optically  to  monitor  cell  damage 
[34-36] .  As  a  result,  laser-induced  intracellular  bub¬ 
bles  were  not  yet  considered  as  cellular-imaging 
probes,  despite  their  eiDccllcnt  optical  scattering 
properties  and  high  imaging  potential,  as  was 
demonstrated  in  other  applications  [37-43).  Despite 
the  inherent  disruptive  nature  of  the  bubbles,  it 
has  been  experimentally  determined  that  opti¬ 
cally  or  acoustically  generated  bubbles  of  a  small 
size  may  not  dama^  the  cells  [44-47] . 


In  this  article,  we  have  used  previous  knowl¬ 
edge  on  the  scattering  imaging  of  cells,  PTB 
generation  around  light-absorbing  NPs  and 
NP  internalization  by  living  cells  to  propose 
the  new  concept  of  optical  cellular  probes  and 
scattering  imaging.  This  concept  is  based  on 
our  hypothesis  that  the  PTBs  generated  stround 
a  gold  NP  in  a  living  cell  may  significantly 
amplify  the  optical  scattering  without  damage 
to  the  host  cell. 


Methods  &  materials 
□  Principle  of  nanocluster-PTB 
intracellular  amplification  of 
optical  signals 

The  optical  scattering  signal  (S)  (Figbre  ia)  from 
metal  NPs  and  dieir  clusters  is  generated  through 
plasmon  resonance.  The  scattering-signal  ampli¬ 
tude  increases  with  the  probe  (NP)  diameter  to 
the  sixth  power.  Clustering  of  small  NPs  inside 
the  cell  [48]  increases  the  total  diameter  of  the 
scattering  probe  and  over-rides  the  biological 
limitation  on  the  maximum  diameter  of  NI^ 
for  intracellular  delivery.  Further  amplification 
of  scattering  requires  an  increase  in  probe  diame¬ 
ter  and  inadent  optical  energy;  both  parameters 
are  limited  for  living  cells.  For  this  reason,  we 
suggest  two  mechanisms  for  increasing  optical 
scattering  from  intracellular  NP  probes  without 
damage  to  cells: 

o  Small  Nft  ate  delivered  selectively  to  the  target 
cells  and  arc  internalized  through  the  mecha¬ 
nism  of  endocy  tosis,  and  are  concentrated  into 
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Figure  1.  The  principle  of  amplification  of  optical  scattering  and  Its  application  for  cell  imaging.  (A)  Nanopartide  (NP)  cluster- 
photothermal  bubble  (PTB)  mechanism  of  amplification  of  optical  scattering  from  gold  NPs:  amplitude  of  optical  S  can  be  increased  to 
through  formation  of  the  NP  duster,  and  can  be  further  inaeased  to  S,  through  generating  the  transient  vapor  bubble  around  the  NP  or  NP 
duster,  resulting  in  the  mawmal  signal  (B)  The  principle  PTB  imaging  of  living  cells;  short  pump  pulse  induces  a  transient  intracellular 
PTB  around  the  molecule-assodated  NP  ouster;  scattering  of  probe  laser  beam  by  PTB  forms  an  optiral  signal. 

S;  Signal. 
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the  dusters  in  cellular  endosomes.  NP  duster- 
ing  as  a  result  of  emkicytosis  were  previously 
studied  by  our  group  in  detail  [48-si; .  Addition¬ 
ally,  the  formation  of  NP  dusters  during  endo- 
cytosis  was  also  experintcntally  verified  by  other 
researchers  [5Z.S3] .  We  define  a  duster  as  a  group 
of  tightly  packed  NPs,  with  the  dimensions 
spanning  2~50  times  the  size  of  the  NP; 

D  Exposure  of  the  cell  containing  NP  dusters  to 
a  short  laser  pulse  at  the  plasmon  resonance 
wavelength  of  NPs  would  generate  vapor  PTBs 
with  laiger  diameters  than  those  of  NP  dus¬ 
ters  and  single  NPs,  and  with  high  refractive 
index  gradients  at  the  vapor-liquid  boundary, 
thus  further  increasing  optical  scattering. 

We  have  previously  verified  that  NP  dusters 
provide  more  eflident  generation  of  PTBs  at  lower 
levels  of  laser  pulse  fluendes  [48-si.S4.55].  For  this 
reason,  we  do  not  consider  the  detailed  mecha¬ 
nism  of  dusteiing,  which  is  beyond  the  scope  of 
this  current  woik  dnd  can  be  found  in  the  cited 
publications.  Also,  in  our  previous  experimental 
experience,  we  have  found  that  the  pump  wave¬ 
length  for  PT  eimitation  of  NP  dusters  does  not 
differ  dramatiqdly  from  that  for  single  NPs: 
dusters  mainly  broaden  the  absorbance  spectrum 
rather  than  shift  it.  Apart  from  the  pump  laser 
beam  that  is  used  to  generate  PTBs,  the  auxiliary 
probe  laser  can  be  used  for  optical  scattering.  The 
wavdength  of  the  probe  laser  can  be  optimized 
to  enable  the  increase  of  probe  laser  fluence  (and 
hence  the  amplitude  of  scattered  tight)  without 
causing  damage  ro  the  cell.  This  mechanism  of 
optical  amplification  is  universal,  and  depends  on 
the  properties  of  gold  NPs  and  laser  parameters. 
It  dqiends  less  on  the  cell  properties,  so  that  PTB 
generation  can  be  controlled  precisdy  through 
the  laser  and  NP  parameters. 

Optical  intracellular  amplification  can  be  real¬ 
ized  in  any  living  cell  where  an  NP  duster  is 
formed  (pwu»b  ib),  with  irradiation  of  the  cdl  with 
pump  and  probe  laser  pulses  at  different  wave¬ 
lengths.  The  pump  pulse  generates  the  bubble 
and  the  probe  laser  provides  the  scattered  s^- 
nal.  An  additional  advantage  of  the  PTB  is  its 
*on-demand’  nature;  it  does  not  exist  before  or 
after  the  pump  laser  pulse.  During  its  nano-to- 
microsecond  lifetime,  the  PTB  can  be  detected 
in  spedfic  time  domains.  This  would  allow  the 
imaging  of  several  PTBs  with  different  lifetimes 
associated  with  different  molecular  targets,  and 
would  improve  the  signal-to-noise  ratio  rdative 
to  the  in  vivo  background  that  may  be  highly 
scattering. 


@  Samples:  nanoparticles,  cells 
&  their  targeting 

We  have  used  two  types  of  gold  NPs,  because 
gold  NPs  are  the  safest  for  living  cells  among 
ail  nanomaterials  and  minimally  disturb  cell 
physiology.  Previously,  we  have  studied  the  cyto- 
toxidty  of  gold  NPs  and  their  conjugates  during 
NP  internalization  and  endocytotic  dustering, 
and  no  significant  suppression  of  cell  viability 
was  found  [48-50].  The  nontoxic  nature  of  gold 
NPs  has  also  been  confirmed  in  many  indepen¬ 
dent  studies.  However,  detailed  study  of  this 
subject  is  beyond  the  scope  of  this  current  work, 
and  can  be  found  in  several  reviews  [2.3].  Silica/ 
gold  nanoshells  (NSs)  with  a  diameter  of  170  nm 
and  absorption  maximum  in  the  near-infrared 
(760  nm)  range  were  prepared  as  described  in 
[56] .  Gold  spheres  with  a  diameter  of  30  nm  and 
the  peak  absorbance  at  330  nm  were  obtained 
from  Ted  Pdia,  Inc.  (#15706,  Redding,  CA, 
USA).  Extinction  spectra  of  all  used  NPs  were 
verified  with  a  spectrophotometer  (USB  650  Red 
Tide,  Ocean  Optics  Inc.,  Dunedin,  FL,  USA). 
Three  types  of  tumor  cells  were  used:  K562  (leu¬ 
kemia  CD33-positivc  blast  cells)  and  two  solid 
tumor  cells,  Hep-2C  and  A549,  highly  etfpress- 
ing  the  EGF  receptor.  All  those  cells  represent 
different  cancers  (leukemia,  squamous  cell  car¬ 
cinoma  and  lung  cancer,  respectively),  and  are 
of  interest  in  terms  of  cancer  diagnostics  and 
treatment. 

NP  clusters  were  formed  in  cells  through 
nonspecific  binding  of  NPs  to  the  cell  mem¬ 
brane  and  nonspecific  endocytotic  concentra¬ 
tion  of  the  NPs  in  endosomal  compartments. 
Internalization  and  clustering  of  gold  NPs 
into  lai^  compact  aggregates  was  previously 
studied  by  our  group  [48-5o]  and  others  [52,53]; 
therefore,  we  have  previously  verified  clustering 
protocols.  The  cells  were  incubated  in  the  media 
RPMI 1640  at  37”C  for  60  min  with  20%  (vol¬ 
ume)  suspension  of  the  NPs  at  a  concentration 
of  10’  NP/mJ.  This  stimulated  nonspecific 
endocytosis  of  the  NPs,  and  their  consequent 
clustering  in  endosomal  compartments.  After 
preparation,  the  samples  were  immediately  used 
in  the  experiments  at  room  temperature. 

0  PTB  generation 
&  optical  detection 
We  have  used  a  PT  microscope  previously  devel¬ 
oped  by  our  group  [57]  for  the  generation,  imag¬ 
ing  and  measurement  of  PTBs  in  individual 
cells  and  in  suspensions  of  NPs  [4s-5i,58-6i]. 
PTBs  were  generated  with  a  single  10-n$  focused 
laser  pulse  at  532  nm  (Laser  LS-2132,  Lotis 
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TII,  Minsk,  Belarus).  This  pulse  length  was 
short  enough  compared  with  the  characteristic 
time  of  thermal  diffusion  so  that  the  bubbles 
could  be  generated  eflectively  at  a  submicro¬ 
meter  scale,  yet  also  long  enough  to  ensure  that 
no  optical  breakdown  or  two-photon  optical 
absorption  would  occur.  Our  recent  studies 
of  the  PT  properties  of  gold  nanoiods,  NSs 
and  nanospheres  have  shown  that  this  wave¬ 
length  (532  nm)  is  efficient  for  the  excitation 
of  plasmon  resonances  in  NPs  under  relatively 
high  laser  fluencies  [62],  which  is  required  for 
PTB  generation.  In  particular,  for  a  gold  NS, 
the  laser  fluence  threshold  of  PTB  generation 
was  several  times  lower  at  532  nm,  compared 
with  that  at  760  nm.  Pulse  fluence  was  varied 
by  rotating  Gian  prism  in  the  path  of  a  laser 
beam.  Pulse  fluence  was  obtained  by  measur¬ 
ing  pulse  energy  with  a  calibrated  meter  (Ophir 
PEIO-SH,  Ophir  Optronics,  Ltd,  Israel),  and 
by  measuring  the  actual  pump  beam  diameter 
on  the  sample  plane  with  a  CCD  image  detector 
(Luca  DL-658M,  Andor  Technology,  Ireland). 
Each  individual  cell  (100  cells  lor  each  sample) 
was  irradiated  one  by  one  with  a  single  focused 


Figure  2.  Block  diagram  of  the  experimental  set-up:  light  delivery 
and  collection.  Bubble  generation  with  laser  pulse  (532  nm),  bubble 
detection  with  thermal  lens  method  (continuous  probe  laser  is  registered  with 
photodetector)  and  with  side-scattering  imaging:  probe  pulse  was  delivered 
though  the  optical  fiber  and  was  imaged  with  a  digital  camera  and  registered  with 
a  photodetector. 

CCD:  Charge-coupled  camera;  c.w.:  Continuous  wave  laser. 


laser  pulse  of  the  same  fluence.  PTB  generation 
in  NP  suspensions  was  realized  by  sequential 
exposure  to  the  laser  pulse  of  the  different  areas 
of  the  suspension. 

PTBs  were  imaged  with  an  optical  side¬ 
scattering  time-resolved  technique,  and  were 
also  independently  monitored  with  the  thermal 
lens  method  described  by  us  previously  [57.58]. 
Time-response  of  the  PTB  was  registered  with 
a  continuous  probe  beam  at  633  nm  (Figure  2). 
This  type  of  signal  enables  PTB  dynamics  to  be 
monitored,  and  its  lifetime  to  be  measured.  Any 
PTB-related  change  of  the  media’s  refractive 
index  causes  a  shift  of  the  probe  beam  phase 
that  influences  beam  intensity  in  the  input  of 
the  photodetcctor  (PDAIOA,  Thorlabs  Inc., 
Newton,  NJ,  USA).  Electrical  output  of  the 
photodetector  was  acquired  as  a  time— response 
measurement  by  a  high-speed  digitizer  (Bordo- 
211,  Auris  Ltd,  Minsk,  Belarus)  and,  in  the  case 
of  the  PTB,  this  response  has  a  specific  negative 
symmetrical  pattern  so  that  the  PTB  could  be 
distinguished  from  other  optical  signals  dur¬ 
ing  sample  irradiation  with  the  pump  laser 
pulse.  Time-resolved  side-scattering  images  of 
the  PTBs  were  obtained  with  a  pulsed  prohe 
laser  beam  with  a  wavelength  of  750  nm  and 
duration  of  10  ns  (LT-2211  Ti-Sa  laser,  Lotis 
TII).  The  low-flucnce  probe  pulse  was  delayed 
relatively  to  the  pump  pulse  for  150  ns,  thus 
allowing  the  detection  of  the  developed  PTB 
(Figure  2) .  The  probe  beam  was  directed  into  the 
sample  at  an  angle  of  approximately  80°,  which 
was  optimized  to  detect  scattered  signals  from 
gold  NPs.  Probe  pulse  scattered  by  NPs,  NP 
clusters  or  PTBs  was  collected  with  a  60x  objec¬ 
tive  (NA  0.4),  and  was  imaged  with  a  CCD 
camera.  The  delay  and  duration  of  the  probe 
pulse  provided  time-resolved  imaging  without 
the  need  for  a  high-speed  camera. 

Integral  scattered  light  was  also  registered 
with  an  additional  photodetcctor  (PDA55, 
Thorlabs  Inc.)  so  as  to  independantly  measure 
the  amplitude  of  the  scattered  light  (Figure  2). 
The  electrical  output  signal  of  the  photodetector 
was  acquired  as  a  time-response  measurement 
by  a  high-speed  digitizer  (Bordo-21 1,  Auris  Ltd, 
Minsk,  Belarus),  and  its  maximal  amplitude  was 
referred  to  as  the  amplitude  of  integral  scattered 
optical  signal. 

Using  these  three  optical  techniques  simul¬ 
taneously  enabled  us  to  detect  and  monitor  the 
generation  of  the  PTB  and  to  confirm  that  the 
main  pump  laser-induced  phenomenon  was,  in 
feict,  the  generation  of  a  vapor  bubble  around 
%ht-absorbing  NPs. 


800 


Nanomedicine  (2008)  3(6) 


future  science  group 


Photothermal  bubbles  as  optical  scattering  probes  for  imagit^  living  cells 


Figure  3.  Theoretical  modeling  of  the  amplification  of  optical  side  scattering  by  the  air 
bubble  surrounding  a  30-nm  gold  sphere  and  a  170-nm  silica-gold  shell  as  a  function  of  the 
bubble  diameter.  The  amplitudes  of  scattered  light  were  normalized  by  those  for  a  30-nm  gold 
sphere  (without  the  bubble)  so  to  demonstrate  the  bubble  effect  and  are  shown  for  633  nm  (short 
dash:  for  gold  sphere:  solid:  for  silica-gold  nanoshell)  and  750  nm  (dot:  for  gold  sphere;  long  dash: 
for  silica-gold  nanoshell). 


Results 

□  Modeling  optical  scattering  from  a 
bubble  versus  NP 

The  theoretical  modeling  of  light  scattering  (tom 
bubbles  generated  around  gold  NPs  is  based  on 
a  Mie  simulation  code  developed  for  multilayer 
concentric  spheres.  Subject  to  general  limitations 
of  Mie  calculations,  the  assumptions  made  here 
are  that  NPs  and  bubbles  arc  rigidly  spherical  in 
shape;  bubbles  are  pcrfecdy  centered  on  NPs  and 
the  illumination  is  along  a  plane  wave. 

Owing  to  the  nonabsoibent  nature  of  the 
bubbles,  the  scattering  cross-section  (C^)  is  an 
effective  figure  of  measurement  for  their  optical 
properties.  The  differential  scattering  cross-sec¬ 
tion,  dC^/d^,  is  defined  as  the  time-averaged 
energy  projected  into  a  unit  solid  angle,  at  a 
direction,  Q.  It  is  expressed  in  terms  of  scatteted 
uradiance,  /,  inddent  irradiance,  /,  and  distance, 
r,  from  the  center  of  the  sphere  to  the  detector: 

(ICkq  _  ..2  la 

dQ  ~  L 

By  integrating  over  all  solid  angles,  O,  one 
obtains  the  C^,  which,  from  the  definition 


above,  is  also  equal  to  the  percentage  of  scat¬ 
tered  power  in  all  directions  with  respect  to  the 
inddent  power  multiplied  by  Therefore,  given 
and  r,  the  percentage  of  total  scattered  power 
can  be  obtained.  Based  on  Mie  coefficients 
and  derived  from  the  aforementioned  code, 
can  be  calculated  by  [47]; 

Cu.  =  ^^(2n  +  Ddo,!' -l-lhni') 

where  b  is  the  wave  number  in  the  surround¬ 
ing  medium  and  n  is  the  summation  index  ter¬ 
minated  at  some  The  detector  r  can  be 
estimated  from  the  experimental  setup. 

nraai  3  plots  the  relative  levels  of  total  scattered 
power  for  a  gold  sphere  with  a  diameter  of  30  nm 
and  a  silica-^ld  NS  with  an  outer  diameter  of 
170  nm  and  a  gold-layer  thickness  of  8  nm,  each 
NP  surrounded  by  the  sin^e  air  bubble  suspended 
in  water.  To  demonstrate  the  amplification  effect 
of  the  bubble,  the  data  were  normalized  by  that 
forasingle  30-nm  gold  NP  without  a  surrounding 
bubble.  Of  note  is  the  geneial  trend  of  increase 
in  scattering  against  PTB  radius.  This  can  be 
understood  qualitatively  from  Rayleigh  scat¬ 
tering,  vdiich  states  that  the  scattering  intensity 
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is  proportional  to  where  d  is  the  particle 
diameter  and  A.  is  the  wavelength,  provided  that 
dis  smaller  chan  A..  Compared  with  the  scattering 
from  the  NPs,  PTPs  could  potentially  produce 
many  orders  of  magnitude  amplification  in  scat- 
tering  intensity.  As  air  bubbles  grow  larger,  the 
efiFect  of  the  particles  enclosed  diminishes,  as  pan 
be  seen  on  the  30-nm  NP  curves  versus  the  170- 
nm  NS  curves.  For  example,  the  scatterii^  from 
a  600-iim  bubble  that  encloses  a  30-nm  gold  NP, 
and  a  600-nm  bubble  that  encloses  a  170-nm  gold 
NS  gives  a  neady  identical  value  of  scattered  sig- 
md.  When  the  bubble  becomes  comparable  to  or 
larger  than  a  particular  wavelength,  this  growth 
slows  down  significantly. 

The  modeling  results  obtained  predict  better 
scattering  efficacy  of  the  bubble  compared  with 
NPs,  mainly  owing  to  the  increased  diameter  of 
the  bubble.  A  probe  of  such  a  large  diameter  (up 
to  1  pm)  cannot  be  delivered  into  the  cell  without 
compromising  its  viability,  although  it  can  be  tem¬ 
porally  generated  in  the  cell  for  a  short  time,  and 
possibly  without  causing  damage  to  the  cell. 

■  Experimental  results  for  water 
suspensions  of  NPs 
Clustering  of  30-nm  NPs  in  witcr  after  add¬ 
ing  20%  acetone  was  verified  by  optical  scat¬ 
tering  microscopy  (Fkvu  4),  and  by  comparing 
the  extinction  spectra  of  the  suspensions  (not 
shown).  Clustering  of  NPs  has  caused  an  appar¬ 
ent  broadening  of  the  spectrum  compared  with 


that  of  nonclustered  (single)  NP  suspensions. 
NP  clusters  were  resuspended  in  water  before 
the  study  commenced.  We  have  obtained  images 
of  optical  probe  pulses  scattered  by  single  NPs 
(Figure 4A)  and  by  NP  clusters  (Ficurb4B)  in  the  sus¬ 
pensions,  and  have  measured  local  pixel  ampli¬ 
tudes  (Table  1).  Also,  we  measured  the  amplitudes 
of  iiuegral  scattered  signals  using  a  photodetec- 
tor  in  parallel  with  a  CCD  camera  (Ficors4d  acE). 
Clusterii^  of  NPs  has  increased  the  amplitude 
of  scattered  light,  as  can  be  seen  by  comparing 
the  images  and  corresponding  integral  signals 
inFiGuii£4A&D  (sin^e  NPs)  andFicuBB4BaeE(NP 
clusters).  The  optical  amplification  effect  was 
quantified  by  normalizing  the  averaged  ampli¬ 
tude  values  of  the  NP  clusters’  scattered  signals 
(Table  1)  with  values  obtained  from  the  suspension 
of  sit^lc  NPs.  In  our  experiment,  the  clustering 
of  NPs  has  amplified  the  scattering  by  a  factor  of 
2.3-2.4,  which  can  be  explained  1^  the  increased 
diameter  of  the  clusters  relative  to  those  of  the 
single  NPs  (30  nm).  The  values  obtained  for 
optical  amplification  were  relatively  small  com¬ 
pared  with  what  was  expected  from  cluster  size 
versus  NP  size  increase,  and  from  the  six-power 
dependence  of  the  scattering  cross-section  of 
the  NP  upon  its  size.  This  discrepancy  might 
have  been  caused  by  the  spatial  averaging  of  a 
scattered  signal  the  photodetector  and  image 
sensor  over  the  sample  area,  which  was  larger 
than  the  cluster  size.  Because  the  registered  sig¬ 
nal  delivers  the  cumulative  effect  from  a  specific 


Figure  4.  Optical  detection  of  side  scattering  of  the  probe  laser  pulse  by  gold  nanoparticles  and  photothermal  bubbles. 
(A-C)  Time-resolved  images  and  (D-F>  integral  optical  signals  of  the  scattered  probe  pulse  (750  nm,  10  ns).  (A  &  D)  Suspensions  of 
30-nm  gold  nanoparticles  (NPs)  with  pump  (532  nm,  10  ns)  and  probe  laser  pulses  (at  150-ns  delay  time  to  pump  pulse)  applied  (no 
photothermal  bubbles  were  observed).  (B  &  €)  Suspension  of  the  dusters  of  30-nm  gold  NPs  with  no  pump  pulse  applied  or  (C  &  F) 
with  the  pump  pulse  applied  at  a  fluence  of  0.45  J/cm^.  Scale  bar:  10  pm. 
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Table  1.  Averaged  amplitudes  of  the  scattered  signals,  obtained  with  a  single  probe  optical  pulse  (7S0  nm, 
10  ns)  for  a  water  suspension  of  30-nm  nanoparticles,  their  clusters  and  photothermal  bubbles. 


Source  of  optical 
scattered  signal 

Single  NP  suspension/  Suspension  of 
amplification  factor  NP  clusters/ 

amplification  factor 

PTBs  around 
single  NPs/ 
amplification  factor 

PTBs  around  NP 

dusters/amplification 

factor 

Image  (pixel  amplitude, 
counts) 

231  ±91/1.0 

522  ±  289/2,3 

220  ±  82/1.0 
(no  bubbles) 

10780  ±  2876/47.6 

Integral  signal  (mV) 

21  ±  7/1.0 

50±  12/2.4 

20  ±7/1.0 
(no  bubbles) 

700  ±  120/33.3 

NP:  Nanopartide;  PTB:  Photothermal  bubble. 

area  (~2  pm^for  the  image  sensor  and  3-4  pm^ 
for  the  integral  scattering  detector),  the  regis¬ 
tered  amplitudes  of  optical  scattering  increased 
more  slowly  than  did  the  scattering  from  a  cluster 
versus  a  single  NP. 

Next,  the  suspensions  of  NPs  and  their  clus¬ 
ters  were  exposed  to  a  single  10-ns  pump  laser 
pulse  at  532  nm  with  a  fluence  of  0.45  J/cm^. 
Exposure  of  the  suspension  of  single  nonclus¬ 
tered  NPs  to  this  laser  pulse  caused  no  change 
either  in  the  scattered  image  (not  shown)  or  in 
the  integral  signal.  nGuite4D  shows  the  two  sig¬ 
nals:  the  first  peak  is  for  the  pump  pulse  and  the 
second  peak  is  for  the  probe  pulse.  The  ampli¬ 
tude  of  the  scattered  probe  pulse  did  not  change 
(Tabi*  1).  When  the  suspension  of  NP  clusters 
was  exposed  to  the  same  pump  pulse,  we 
observed  bright  images  of  the  PTBs  (Ficvu  4C), 
with  significantly  increased  image  pixel  ampli¬ 
tudes.  The  amplitude  of  the  integral  scattered 
signal  has  also  increased  (Figuu  4F  shows  th^ 
pump-  and  probe-pulse  signals).  When  con¬ 
sidering  a  relatively  rare  spatial  location  of  the 
clusters  (their  concentration  was  significantly 
lower  than  that  for  single  NPs)  and  the  sin¬ 
gle  pump-pulse  irradiation  mode,  we  assume 
that  single  PTBs  were  generated  and  observed 
around  single  NP  clusters.  Comparing  f«»m  4b 
(clusters)  with  FicvnEac  (PTBs),  we  have  found 
far  fewer  PTBs  (only  four)  than  the  clusters 
shown  in  Fi<n)BE4B.  This  can  be  explained  by  the 
strong  dependence  of  PTB  generation  thresh¬ 
old  fluence  on  cluster  size:  only  the  latgest  NP 
clusters  have  yielded  PTBs.  This  is  in  line  with 
our  previous  results  in  which  the  dependence 
of  PTB  generation  threshold  fluence  on  NP 
size  and  clustering  was  studied  in  detail  [48-$o]. 
Amplification  of  the  scattered  signal  by  PTBs 
after  normalizing  the  image  pixel  amplitudes 
and  the  integral  signal  amplitude  by  the  cor¬ 
responding  values  obtained  for  single  NPs  was 
47.6  (local  amplification)  according  to  images 
of  individual  bubbles,  and  33.3  (averaged 
amplification)  for  the  area  probed  with  the 
photodetector  (Tabu  i). 


PTB  generation  was  monitored  independently 
and  simultaneously  with  a  thermal  lens  method. 
The  signal  detected  (PT  response)  yielded  a 
bubble-spedfic  symmetrical  shape  GPigdbbSB).  PT 
response  was  obtained  with  an  additional  contin¬ 
uous  probe  laser  at  633  nm,  which  was  addition¬ 
ally  registered  by  another  photodetector.  Its  time 
coiitse  shows  bubble  expansion  and  collapse,  and 
provides  an  estimation  of  bubble  lifetime.  In  the 
case  of  NP  cluster  suspensions,  we  have  detected 
a  bubble-specific  response  (PigubbsB)  with  a  dura¬ 
tion  of 250  ns.  This  bubble  lifetime  is  longer  than 
the  delay  of  150  ns  of  the  probe  pplse  relative  to 
the  pump  laser  pulse,  confirming  that  the  images 
obtained  with  the  delayed  probe  pulse  (FiGinE4Q 
were  formed  by  PTBs.  Also,  the  PT  response 
obtained  fiom  the  singlc-NP  suspensbn  (rcubb  sa) 
under  exposure  to  an  equal  pump-laser  pulse 
showed  no  PTBs,  which  explains  the  absence 
of  amplification  of  scanered  light  in  single  NP 
suspension.  We  gradually  increased  pump  laser 
fluence  until  the  PTBs  were  detectible  in  the  sin¬ 
gle  NP  suspension;  this  level  was  approximately 
17  J/cm^  This  fluence  is  significantly  higher  than 
the  one  applied  to  the  NP  clusters  (0.45  J/cm^), 
which  shows  the  difference  between  single  NPs 
and  their  clusrers  in  terms  of  PTB  generation. 

The  results  obtained  clearly  show  that  PTBs 
significantly  amplify  optical  scattering,  and  that 
amplification  with  PTBs  has  a  threshold  nature: 
at  a  given  fluence  level  of  the  pump  laser  pulse, 
no  bubbles  were  generated  around  single  NPs 
and  there  was  no  amplification  of  optical  scat¬ 
tering  from  single  NPs,  while  bubbles  were  gen¬ 
erated  around  NP  clusters  at  the  same  laser  flu¬ 
ence.  This  demonstrated  the  selectivity  of  optical 
amplification  with  PTBs,  which  have  provided 
almost  48-fold  amplification  of  optical  scattering 
amplitude  around  NP  clusters  only. 

■  Scattering  by  PTBs  in  living 
cancer  cells 

The  cluster— bubble  mechanism  of  amplification 
of  optical  scattering  was  studied  experimentally 
in  three  types  of  living  cancer  cells  in  vitro.  NP 
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Figure  5.  Photothermai  responses  obtained  from  goid  nanopartides  and  photothermal  bubbies.  Thermal  lens  signals 
(photothermal  responses)  obtained  during  exposure  of  the  samples  to  a  single  10-ns  pulse  at  532  nm:  (A)  suspension  of  30-nm  spherical 
gold  nanoparticles  (NPs;  no  bubble);  (B)  suspension  of  dusters  of  the  same  NPs;  bubble  duration  250  ns;  (C)  individual  K562  cell  treated 
with  30-nm  gold  NPs;  bubble  duration  380  ns. 


clusters  were  formed  in  living  cells  by  using 
nonspecific  cndocytosis.  The  suspensions  (K562 
leukemia-type  cells)  and  monolayers  (A549 
and  Hep'2C  cells)  of  living  cells  were  studied 
through  the  amplitude  measurements  of  the 
integrally  scattered  signals  from  individual  cells. 
S^nals  were  obtained  for  intact,  NP-treated  and 
NP-  and  pump  laser-treated  cells.  Gold  30-nm 
spheres  were  used  in  these  experiments.  All  laser 
treatments  and  measurements  were  performed 


for  individual  cells  and  data  were  obtained  for 
150  cells  in  each  population.  Generation  of 
the  PTB  in  each  indtviduai  cell  was  monitored 
simultaneously  by  the  thermal  lens  method  as  in 
the  aforementioned  experiments  with  NP  sus¬ 
pensions.  This  enabled  the  interpretation  of  the 
scattered  signal  for  each  cell  during  its  exposure 
to  the  pump  laser  pulse:  scattered  signals  were 
attributed  to  NP  clusters  when  the  PT  response 
obtained  independently  from  the  same  cell 


Figure  6.  Optical  side-scattering  Integral  signals  obtained  from  intracellular  gold 
nanoparticles  (X-axis)  and  from  the  photothermal  bubbles  (Y-axis).  The  amplitudes  of  integral 
scattering  signals  obtained  from  individual  cancer  cells,  pretreated  with  30-nm  gold  spherical  NPs, 
and  before  and  during  exposure  to  a  single  pump  laser  pulse  that  generates  PTBs  around  NP  clusters 
in  the  living  ceils:  Hep-2C  with  NP  (large  square),  Hep-2C  with  PTB  (small  square),  A549  with  NP 
(large  two-toned  circle),  A549  with  PTB  (small  rhombus),  K562  with  NP  (large  circles)  and  K562  with 
PTB  (small  circle). 

PTB:  Photothermal  bubble. 
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showed  no  sign  of  PTBs  (X-axis,  Ficumi  6),  and 
the  scattered  signals  were  attributed  to  PTBs 
(Y-axis,  Figum  6)  when  the  PT  response  showed 
bubble-specific  signals  (FicuuSC).  For  each  cell 
type,  we  have  measured  the  amplitudes  of  the 
scattered  probe  pulse  ibr  the  four  samples :  intact 
cells,  intact  cells  exposed  to  the  10-ns  pump 
laser  pulse  at  532  nm,  NP-treated  cells  (cells 
with  NP  clusters)  and  NP-treated  cdls  exposed 
to  th^  pump  laser  pulse  (TAns2).  Optical  ampli¬ 
fication  of  PTBs  was  quantified  relative  to  the 
scattering  of  NPs  in  the  same  cells. 

During  the  experiments,  we  adjusted  the  flu- 
ence  of  the  pump  laser  to  the  level  at  which 
PTBs  were  generated  in  100%  of  NP-treated 
cells  (Table  2).  These  fluencies  varied  slightly 
for  the  different  types  of  cells;  this  may  reflect 
differences  in  the  efficacy  of  cluster  formation 
(caused  by  the  different  efficacy  of  the  endo- 
cytosis)  in  the  different  types  of  cells.  For  each 
individual  cell,  we  registered  a  pair  of  ampli¬ 
tudes  of  integral  scattering  signal:  before  cell 
irradiation  with  a  pump  laser  pulse  (to  char¬ 
acterize  NP-related  scattering)  and  during  cell 
irradiation  with  a  pump  laser  pulse  having  a 
fluence  above  the  PTB  generation  threshold  (to 
characterize  PTB-telated  scattering).  These  two 
scattering  signals  were  plotted  in  a  diagram,  in 
which  each  dot  represents  an  individual  cell 
(Fieuut).  This  diagram  shows  a  distinct  line 
for  ‘no  PTB’  cases.  All  dots  that  are  above  this 
line  correspond  to  PTBs. 

According  to  the  results  obtained  for  all  three 
types  of  ccUs,  NPs  amplify  the  scattering,  but  not 
significantly  relative  to  the  scattering  by  intact 
cells  (Table  2).  Also,  differences  in  the  amplitudes 
of  an  integral  scattering  signal  (X-axis,  Picins  6) 
indicate  the  differences  in  duster  size  among  the 
three  types  of  cells  studied.  The  smallest  signals 
were  observed  for  K362  suspension-type  cells, 
and  the  highest  scattered  signals  were  observed  for 
the  squamous  cardnoma  Hep-2C  cells  (FicunEfit 


Table  2).  PTBs  yielded  a  significant  increase  of 
scattered  signal  amplitudes  in  all  studied  cdls 
(Figijee  6)  Table  2).  Amplification  factors  were  cal¬ 
culated  by  normalizing  the  measured  amplitudes 
1^  those  measured  for  the  intact  cells  (TableZ).  For 
some  specific  individual  cells  in  the  population, 
the  amplification  factor  of  the  integral  signal  was 
more  than  100  relative  k)  NP  scattering.  Owing 
to  the  heterogeneous  nature  of  cellular  proper¬ 
ties,  the  amplification  effect  was  also  rather  het¬ 
erogeneous.  The  higher  the  NP  cluster-related 
signal,  the  higher  the  PTB-telated  signal.  This 
correlation  is  in  line  with  physical  mechanisms 
that  are  involved  in  PTB  generation:  the  larger 
the  cluster,  the  larger  the  bubble. 

The  imaging  potential  Of  PTBs  was  evalu¬ 
ated  in  detail  for  A549  cells  incubated  with  170- 
nm  NSs.  We  have  studied  the  influence  of  PTBs 
on  two  main  properties  of  the  proposed  imag¬ 
ing  method:  amplification  of  optical  scattering 
and  cell  viability.  This  was  achieved  by  register¬ 
ing  and  comparing  the  several  optical  images 
for  each  cell.  Cell  viability  was  evaluated  opti¬ 
cally  with  two  standard  microscopy  techniques 
that  monitor  the  integrity  of  the  outer  cellular 
membrane  t<3].  First,  a  white  light  transmit¬ 
tal  image  was  obtained  for  the  cell  before  and 
after  its  exposure  to  the  pump  pulse,  and  the 
difforence  between  these  two  images  was  used 
to  detect  any  PTB-induced  cell  shape  changes. 
The  coefficient  of  variation  of  pixel  amplitude 
of  the  white  light  differential  image  indi¬ 
cated  a  significant  alteration  of  cell  shape  and 
size  (which  usually  accompanies  a  disruption 
of  the  cellular  membrane)  if  its  value  deviated 
significantly  from  zero.  Second,  cell  damage  by 
PTB  was  detected  by  monitoring  the  cellular 
uptake  of  ethidium  bromide  (EtBr).  Before  the 
experiment,  EtBr  added  to  the  cell  samples. 
This  dye  penetrates  the  membranes  of  compro¬ 
mised  cells  and  produces  red  fluorescence;  how¬ 
ever,  EtBr  does  not  penetrate  the  membranes  of 


Table  2.  Amplitude  of  the  integral  optical  scattering  signal  (mV)  averaged  for  cell  populations  (mV)  for  intact 
cells,  nanoparticle-treated  celts  with  30-nm  gold  spheres  and  photothermal  bubbles  generated  by  a  single 
short  pulse  (532  nm,  10  ns)  in  individual  living  cells. 

Cancer  cell  types 

intact  cells  Cells  treated  with 

single  pump  laser  pulse 

NP-treated  cells 

Cells  treated  with 
NPs  &  single  pump 
laser  pulse 

Fluence  of  pump 
laser  pulse  (532  nm, 
10  ns;  J/cm*) 

Hep2C  (squamous 

68.8  ±41.6  61.5  ±  48.2/1.0 

95.2  ±62.8/1.4 

454  ±  420/6.6 

1.3 

carcinoma  cell) 

A549  (lung  cancer 

20.8  ±14.3  19.4  ±  12.6/1.0 

36.8  ±  58.8/1.8 

338  ±  465/17 

1.3 

cell) 

K562  (acute 
leukemia  cell) 

NP:  Nanoparticle. 

2.4  ±1.42  2.4  ±1.85/1.0 

2.4  ±23/1.0 

106  ±  111/44 

1.9 
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living  cells  and  hence  produces  no  fluorescence 
for  living  cells.  For  excitation  of  the  fluores¬ 
cence,  we  used  a  single  pump  pulse  (532  nm) 
with  the  fluence  decreased  by  20  times  relative 
to  PTB-generation  level.  Fluorescent  images 
were  obtained  for  each  cell  before  and  after 
PTB  generation.  Their  pixel  amplitude  ratio 
was  used  to  quantify  the  damage:  any  signifi¬ 
cant  increase  of  the  fluorescence  amplitude  in 
the  time  gap  50-100  s  after  the  generation  of 
PTBs  was  interpreted  as  cell  damage. 

Side-scattering  images  where  obtained 
before  and  during  the  pump  pulse  with  the 
pulsed  probe  laser  at  750  nm.  The  former  char¬ 
acterized  scattering  owing  to  NS,  NS  clusters 
and  to  cellular  endogenous  structures,  and  the 
latter  characterized  PTB-related  scattering.  A 
second  scattering  image  was  normalized  by  the 
first  one  and  the  pixel  amplitude  of  the  ratio 
image  was  considered  as  the  scattering 
amplification  coefficient.  It  was  applied  to  the 
image  points  where  the  PTBs  were  detected 
and  was  used  to  quantify  the  amplification  of 
the  scattering  by  PTBs  relative  to  chat  related 
to  NSs: 

IT  _  {,Aptb  —  B) 

(A.-B) 

where  and  are  the  pixel  image  ampli¬ 
tudes  obtained  for  the  same  cell  in  pulsed  mode 
of  scattering  for  the  PTB  (pump  laser  on) 
and  NS  (pump  laser  off),  respectively,  and  B  is 
the  constant  for  the  background  amplitude.  We 


used,  in  total,  five  experimental  parameters  for 
each  cell:  pump  laser  fluence,  white  light  image 
ratio,  fluorescent  image  ratio,  side-scattering 
image  ratio  (as  the  PTB  amplification  measure) 
and  the  PT  response  duration  (as  the  PTB  life¬ 
time  measure). 

Influence  of  the  PTBs  on  optical  scattering 
signal  and  cell  viability  is  illustrated  in  Figum  7 
Sc  Tabus  3.  The  figures  and  table  show  data  for 
the  two  A549  living  cells  that  were  exposed  to 
single  pump  pulses  with  fluencies  of  0.64  J/ 
cm^  (cell  1,  top  panel  of  Rgurbt)  and  0.48  J/cm^ 
(cell  2,  bottom  panel  of  Figdu  7).  According  to 
the  scattering  images  (FkduTC)  and  correspond¬ 
ing  PT  responses,  both  cells  have  yielded  sub- 
micrometer-sized  intracellular  PTBs  and  with 
PTB  durations  of  250  ns  for  cell  2  and  70  ns 
for  cell  1.  Both  cdls  have  yielded  single  PTBs, 
which  can  be  explained  by  inefficient  nonspe¬ 
cific  endocytosis  of  170-nm  NSs  by  those  cells. 
In  general,  eight  to  ten  PTBs  in  individual  cells 
have  been  observed,  and  their  number  increased 
when  pump  laser  fluence  was  increased.  This  was 
owing  to  the  (aforementioned)  dependence  of 
the  PTB  threshold  fluence  on  cluster  size:  the 
larger  the  cluster,  the  lower  the  PTB  generation 
threshold.  Cluster  size,  in  turn,  depends  on  the 
efficacy  of  endocytosis.  Under  the  given  fluence 
levels,  these  two  cells  only  yielded  a  sii^Ie  PTB 
around  the  largest  NS  clusters.  Laser-induced 
PTBs  (PigukbtC)  have  caused  an  increase  of  optical 
scattering  by  almost  three  orders  of  magnitude 


Figure  7.  Images  of  damaged  (top  panel)  and  living  (bottom  panel)  A549  cells  after  tiieir  Incubation  with  170-nm  gold 
nanoshell  and  the  follow-up  exposure  to  a  single  pump  laser  pulse  that  induced  photothermal  bubbles.  (A)  White  light 
image  prior  to  exposure  to  pump  laser  pulse;  (B)  Side-srattering  image  prior  to  exposure  to  pump  laser  pulse  shows  nanoshell-related 
signals;  (C)  Side-scattering  image  during  exposure  to  pump  laser  pulse  shows  photothermal  bubbles;  (D)  Fluorescent  image  after  the 
exposure  to  pump  laser  pulse  shows  ethidium  bromide  fluorescence;  (E)  Differential  white  light  image  shows  the  changes  in  the  cell 
after  exposure  to  a  pump  laser  pulse. 
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Table  3.  The  ratios  of  the  image  pixel  amplitudes  for  images  of  two  individual  A549  cells:  damaged  and  living 
after  incubation  with  gold  nanoshells,  and  follow-up  exposure  to  a  single  laser  pulse  (10  ns,  532  nm)  that  has 
generated  photothermal  bubbles  in  the  cells. 


Parameter  Relative  change  of  pixel  amplitude  of  ethidium 

bromide  fluorescence 

Source  of  the  image  Side  scarring  Fluorescence  _  _  White-light  transmittanre 

Damaged  cell  _  2886  „  3.4  _  _  _  _  _  .  O  _ 

Survived  cell  _  _  __  _  _  0.7 _ _ _  0.05 

Coefficient  of  amplification  of  optical  side  scattering;  Kj  Relative  difference  in  pixel  amplitucles  of  the  transmitted  optical  images. _ 


(Tule  3)  relative  to  the  scattering  of  gold  NSs  in 
the  same  point  of  the  image  (FtGu«s7B),  Analysis 
of  fluorescent  and  white  light  images  has  shown 
that  cell  1  was  damaged  1^  the  PTB  because  its 
fluorescence  has  increased  (Figuu  7D,  top),  and 
its  shape  changed  significantly  (figukite,  top). 
Under  the  lower  pump  laser  fluence,  cell  2  sur¬ 
vived  the  pump  pulse  and  PTB:  no  increase  in 
fluorescence  (rgukeTD,  bottom)  nor  change  in  cell 
shape  (pigueete,  top)  was  detect«l.  PTB  liletime 
in  the  surviving  cell  was  shorter  than  that  for  a 
damaged  cell,  and  this  diBerence  shows  that  the 
maximal  diameter  of  the  PTB  in  the  surviving 
cell  was  smaller  than  that  for  a  damaged  cell. 

Of  course,  the  viability  of  cells  after  genera¬ 
tion  of  intracellular  PTBs  should  be  verified 
with  a  more  sensitive  method  than  EtBr  stain¬ 
ing.  Also,  the  mechanism  of  selective  NS  cluster 
formation  around  single  urget  molecules  has  to 
be  studied  for  receptor-mediated  endocytosis  of 
the  NPs  preconjugated  with  cell-specific  vectors 
(such  as  monoclonal  antibody  C225  for  solid 
tumor  cells).  Nevertheless,  the  results  obtained 
found  that  the  cluster-bubble  mechanism  has 
provided  amplification  of  optical  scattering  in 
living  cells  by  more  than  1000-timcs;  PTBs  have 
acted  as  noninvastve  cellular  optical  probes. 

Next,  we  studied  the  dependence  of  the  image 
pixel  amplitude  of  scattered  light  on  the  incident 
flucnce  of  the  pump  laser  pulse  and  the  size  of 
NPs  (Figure  8).  Wc  incubated  the  A549  cancer 
cells  with  gold  spheres  with  a  diameter  of  30  nm 
and  with  gold  NSs  with  a  diameter  of  170  nm. 
We  obtained  the  scattering  amplification  coef¬ 
ficient  and  PTB  lifotimes  as  cell  population-aver¬ 
aged  values  for  several  different  laser  fluences. 
Then,  we  analyzed  the  scattering  amplification 
coefficient,  as  a  function  of  PTB  lifetime. 
We  consider  that  the  bubble  lifetime  character¬ 
izes  the  PTB  more  precisely  than  pump  pulse 
flucnce.  First,  PTB  lifetime  is  proportional  to  the 
maximal  diameter  of  the  PTB  [58],  which  relates 
directly  to  the  scattering  efficacy  of  the  PTB; 
second,  the  genetation  of  the  PTBs  is  provided 
by  several  factors,  with  laser  fluence  being  only 
one  of  them.  The  other  important  facmr  that 


influences  PTB  diameter  and  lifetime  is  the  clus¬ 
tering  of  NPs.  The  increase  of  pump  laser  fluence 
from  0.5  to  3.5  J/cm^  has  caused  steady  increase 
of  PTB  lifetime  (not  shown)  and  of  the  image 
pixel  amplitude  of  the  scattered  signal.  We  plot¬ 
ted  both  parameters  as  cell  population-averaged 
values  (FicueeS).  The  increase  of  PTB  lifetime  (or 
maximal  diameter)  causes  an  increase  in  optical 
scattering.  Also,  experimental  data  presented  in 
Figubs  8  correlate  with  the  results  of  theoretical 
modeling,  as  shown  in  Figure  3.  Both  theoretical 
and  experimental  results  indicate  that  the  ampli¬ 
fication  of  optical  scattering  depends  on  PTB 
size  (lifetime),  and  does  not  depend  on  NP  size 
when  the  PTB  diameter  exceeds  300-400  nm 
or  the  PTB  lifetime  exceeds  200  ns.  Thus,  the 
NP  diameter  does  not  influence  PTB  scattering 
significantly,  at  least  when  PTB  diameter  signifi¬ 
cantly  exceeds  the  size  of  the  NPs.  Additionally, 
a  possible  explanation  for  the  absence  of  a  sig¬ 
nificant  difference  between  the  amplitudes  of 
optical  scattering  provided  by  30-nm  spheres 
and  170-nm  shells  is  the  clustering  of  those  NPs 
in  the  cells:  PTBs  arc  generated  mainly  around 
the  biggest  NP  clusters,  which  may  be  similar  in 
size,  although  the  sizes  of  the  NS  and  NP  are  sig¬ 
nificantly  different.  It  should  be  noted  that  the 
large  diameter  of  gold  NSs  (170  nm)  might  not 
improve  scattering  owing  to  poor  internalization 
(and  hence  clustering)  of  such  laigc  NPs  by  the 
cell.  Much  smaller  spheres  were  better  internal¬ 
ized  (and  clustered)  by  the  cells.  This  resulted 
in  the  relatively  similar  scattering  amplitudes 
obtained  from  the  cells  after  their  incubation 
with  big  NSs  and  small  nanospheres.  Therefore, 
we  may  conclude  that  PTB  size,  not  NP  size, 
is  important  for  the  amplification  of  optical 
scattering,  and  that  NP  clustering  enables  us  to 
improve  PTB  diameter. 


Discussion 

■  Amplification  of  optical  scattering 
with  PTBs 

There  arc  several  basic  factors  that  influence  the 
effect  of  optical  amplification  by  PTBs.  The 
in  vitro  experimental  results  have  demonstrated 
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Figure  8.  Influence  of  the  photothermal  bubble  lifetime  on  the  amplification  of  optical 
scattering.  Experimental  dependence  of  optical  scattering  amplification  coefficient  upon  the 
lifetime  of  the  intracellular  photothermal  bubbles:  large  circle  for  30-nm  gold  spheres,  small  drcle  for 
170-nm  gold  nanosheils.  Population-averaged  data  are  given  for  A549  cells  exposed  to  a  single  10-ns 
pump  pulse  at  532  nm. 


that  a  NP  cluster  generates  a  much  larger  PTB 
than  a  single  NP  does  under  the  same  laser  pulse 
fluencc.  This  cfiect  and  its  mechanisms  were 
studied  by  us  previously  [48-50}.  Under  equal 
laser  pulse  fluencc,  the  lifetime  and  maximum 
diameter  of  the  PTB  increase  significantly  with 
an  increase  in  NP  diameter  [30.50].  The  larger 
NPs  have  high  absorbance  cross-sections  and 
release  more  thermal  energy,  thus  expanding  the 
PTB  to  a  larger  size.  Thus,  the  increased  opti¬ 
cal  absorbance  and  diameter  of  the  NP  duster 
iniprease  the  maximum  diameter  of  PTBs,  and 
so  contribute  to  an  amplification  of  optical  scat¬ 
tering.  Next,  fijr  a  given  NP  duster,  the  increase 
of  the  pump  laser  fluencc  also  increases  the  PTB 
diameter  and  lifetime  (these  two  PTB  patametm 
are  proportional  to  each  other  [58])  owing  to  the 
increase  of  the  initial  laser-induced  temperature 
of  the  NPs.  Finally,  scattering  can  be  amplified 
through  an  increase  of  the  probe  laser  fluence, 
providing  that  it  is  safe  for  the  cell. 

Besides  these  three  faaors  that  we  have  con¬ 
sidered  experimentally,  there  are  several  others 
that  also  influence  PTB  size  and  hence  the  opti¬ 
cal  scattering  signal.  The  initial  laser-induced 
temperature  also  depends  on  heat  loss  from  the 


thermal  diffusion  of  heated  NPs  and  from  the  PTB 
nudei.  Hiis  heat  loss  into  the  surroundii^  media 
can  be  alleviated  by  shortening  the  length  of  the 
laser  pulse  (10  ns  in  our  experiments).  In  experi¬ 
ments  with  picosecond  laser  pulses,  the  efficacy  of 
PTB  generation  was  higher  compared  with  that  of 
nanosecond  pulses  [64]. The  initial  laser-induced 
temperature  and  the  laser  fluence  are  limited  by 
two  damage  thtesholds:  the  thteshold  of  thermal 
damage  fiir  the  cdl  components  and  the  threshold 
of  thermal  dama^  of  the  NP.  Although  the  ther¬ 
mal  damage  threshold  of  cellular  molecules  may 
be  much  lower  than  the  temperatures  required 
for  PTB  generation,  actual  thermal  damage  to 
the  cdl  can  be  minimized  by  localization  of  the 
PT  effect  to  the  size  of  the  NP  duster  and  inside 
the  PT  bubble.  There  may  be  several  indepen¬ 
dent  ways  of  controlling  the  size  and  duration  of 
PTBs:  through  NP  properties  (NP  duster  diam¬ 
eter,  absorbance  cross-section  of  individual  NPs 
and  laser  fluence  threshold  of  NP  damage),  laser- 
pulse  parameters  (duration  and  fluence  of  a  single 
laser  pulse,  and  fluence,  number  and  interval  for 
the  sequence  [train]  for  several  pulses  [62])^  and 
through  the  frequency  and  amplitude  of  ultra¬ 
sound  that  is  applied  simultaneously  with  laser 
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irradiation.  Experimental  studies  of  the  influence 
of  these  factors  on  the  optical  amplification  is  the 
subject  of  our  ongoing  and  future  woik. 

uCell  imaging 

When  PTBs  are  generated  in  living  cells,  viabil¬ 
ity  becomes  the  most  significant  factor,  and  the 
parameters  of  the  PTB,  laser  and  acoustic  radia¬ 
tion  must  be  below  cell  damage  thresholds.  TTiis 
requirement  limits  the  maximal  amplitude  of 
optical  signal  and  leads  to  questions  about  the 
signal-to-noise  ratio.  The  source  of  noise  is  the 
scattering  from  cellular  components  and  tissues 
(when  being  carried  out  in  vivo).  The  balance 
of  sensitivity  and  safety  depends  not  only  on 
PTB-generation  factors  that  were  previously 
considered,  but  also  on  the  optical  scattering 
properties  of  specific  cells,  which  is  beyond  the 
scope  of  this  article.  Nevertheless,  the  transient 
nature  of  the  PTB  significantly  improves  the 
signal-to-noise  ratio;  the  scattered  signal  ampli¬ 
tude  follows  the  dynamics  of  PTB  radius  and, 
therefore,  the  PTB  can  be  recognized  at  specific 
time  domains  owing  to  the  specific  symmetrical 
time  contour  of  the  optical  signal  (Figum  5B  sc  C), 
even  in  a  highly  scattering  environment. 

The  generation  of  laser-  and  ultrasound- 
induced  bubbles  has  already  been  studied  in 
terms  of  the  mechanical  damage  of  cellular  outer 
membranes  [33.34].  A  cell  may  repair  its  mem¬ 
brane  if  the  maximal  diameter  of  the  bubble 
does  not  exceed  1-2  pm.  Optical  scattering  of  a 
vapor  PTB  of  a  1-pm  diameter  is  several  orders 
of  magnitude  stronger  than  optical  scattering 
of  the  gold  NPs  that  can  be  delivered  into  cells 
(PIGUSS4).  Recent  results  demonstrating  the  level 
of  optical  scattering  from  gold  NPs  in  living 
and  fixed  cells  have  shown  that  scattering  from 
gold  NPs  is  detecuble,  although  it  may  require 
many  NPs  [65-©'].  These  results,  together  with 
our  present  results,  enable  prediction  of  a  con¬ 
siderable  increase  of  the  sensitivity  of  scattering 
imaging  owing  to  PTBs. 

When  several  different  cells  produce  simi¬ 
lar  PTBs,  all  those  cells  viewed  through  PTB 
scattering  will  look  alike.  An  additional  way 
to  increase  the  specificity  of  optical  scattering 
and  so  enable  differentiation  of  those  cells  is  to 
detect  an  additional  signal  scattered  by  NP  clus¬ 
ters  before  PTB  generation.  The  difference  in 
NP  cluster  scattering  can  be  seen  clearly  for  the 
three  types  of  cancer  cells  presented  in  figurb  6. 
This  difference  is  caused  by  different  sizes  of 
NP  clusters  in  the  three  different  cell  types. 
However,  without  a  pump  laser  pulse  when 
no  PTB  is  generated,  the  difference  in  cluster 


scattering  is  not  sufficient,  combined  with  the 
relatively  low  scattering  signal,  and  does  not 
provide  reliable  differentiation  among  the  three 
groups  of  cells.  Only  when  the  PTB-rclated  signal 
can  be  obtained  does  the  difference  among  cell 
populations  become  clear.  Therefore,  sensitive 
and  specific  scatter  imaging  should  combine  the 
two  images  or  the  two  optical  signals.  The  first 
image  is  obtained  with  probe  laser  alone  and  the 
second  image  is  obtained  immediately  ^frer  the 
first,  by  applying  pump  and  probe  pulses.  With 
short  nanosecond  laser  pulses,  both  signals  can 
be  acquired  in  100  ns.  Cluster  signals  and  the 
second  PTB  signals  can  be  registered  with  one 
pbotodetector  and  one  probe  laser. 

The  si^ested  method  differs  fi:om  current 
optical  scattering  methods  by  the  double-signal 
principle.  This  method  may  also  provide  an 
increase  in  the  signal-to-noise  ratio  when  the  tar¬ 
get  cell  or  molecule  is  located  among  a  highly 
scattered  background.  The  latter  is  typical  for 
in  vivo  imaging,  and  thus  the  suggested  method 
may  also  improve  the  efficacy  of  optical  endos¬ 
copy.  PTBs  can  be  generated  inside  specific  liv¬ 
ing  cells  and  provide  a  maximal  refiactive  index 
gradient  that  improves  optical  scattering.  Small 
laser-induced  PTBs  generated  around  NP  clusters 
may  be  safe  for  the  cells,  and  can  be  used  for  the 
stimulated  release  of  the  molecular  probes  from 
endosomes  and  optical  imaging  of  specific  single 
molecules.  PTB  size  can  be  much  larger  than  that 
of  a  single  molecule  or  the  other  cellular  target. 
Nevertheless,  the  origin  of  the  PTB  can  be  linked 
to  a  specific  target  molecule  through  vecror-based 
bonds  between  NPs  that  generate  the  PTB  and 
the  molecule.  Thus,  the  suggested  method  may 
provide  efficient  imaging  of  single  intracellular 
molecules  in  living  cells.  The  size  of  the  PTB 
image  (up  to  one  pm)  may  exceed  the  actual  size 
of  the  taiget  (the  latter  may  be  a  size  that  is  well 
below  the  diffraction  limit),  but  the  PTB  would 
definitely  help  to  detect  the  presence  of  such  a 
target  as  the  single  molecule  in  a  specific  cell. 

Our  experimental  results  also  suggests  that 
PTB  scattering  can  be  applied  in  cytometry 
for  detecting  specific  cells.  Unlike  fluorescent 
probes,  the  PTBs  do  not  exist  in  the  cell  until 
after  they  ate  generated,  and  the  gold  NPs  that 
arc  present  in  the  cell  are  much  less  toxic  than 
any  fluorescent  probes.  Therefore,  the  influence 
of  PTB  imaging  on  physiological  cell  processes 
can  be  minimized.  The  threshold  mechanism 
of  PTB  generation  provides  selectivity  of  opti¬ 
cal  signal,  and  thus  increases  the  signal-to-noise 
ratio  of  imaging.  PTBs  can  be  activated  with  a 
specific  wavelength  and  energy  of  a  laser  pulse. 
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otherwise  they  do  not  emerge  in  a  cell,  so  th^ 
would  not  interfere  with  cellular  processes  and 
other  measurements. 


Conclusions 

In  this  work,  wc  have  experimentally  verified 

that; 

o  Optical  scattering  from  metal  iight-absoihing 
NPs  may  be  amplified  by  more  than  three 
orders  of  magnitude  by  generating  PTBs 
around  these  NPs; 

o  Clustering  of  the  NPs  around  specific  mole¬ 
cular  targets  may  significantly  improve  the 
specificity  of  scattering  imaging; 

a  PTBs  as  cellular  optical  probes  can  be  used 
without  causii^  damage  to  the  cell  in  which 
they  are  generated; 

B  Two-signal  scattering  method  with  time- 
domain  detection  of  the  PTBs  may  signifi¬ 
cantly  enhance  the  specificity  and  sensitivity 
of  the  imaging  of  specific  targets. 


Future  perspective 

The  universal  nature  of  PTB  probes  and  scat¬ 
tering  imaging  may  enable  their  applications  in 
microscopy,  flow  cytometry,  endoscopy  and  other 
optical  methods.  Buhhle-imaging  methods  can 


be  applied  for  optical  guidance  of  therapeutic 
processes,  whereby  the  bubbles  occur  as  primary 
or  secondary  phenomena  (in  particular,  in  laser 
and  ultrasound  methods).  The  nontoxic  proper¬ 
ties  of  gold  NPs,  an  on-demand  feature  of  the 
bubbles,  may  provide  noninvasivc  monitoring 
and  screening  of  living  cells  i»  vitro  and  in  vivo. 
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‘Exe’eutive  summary'  '  ’ 


Laser-induced  vapor  microbubbles  (photothermal  bubbles)  when  being  generated  in  a  living  cell  with  a  short  laser  pulse  and  around 
gold  nanoparticles  (or  their  clusters)  significantly  improved  the  optical  scattering  (up  to  three  orders  of  magnitude)  relative  to  that  of 
gold  nanoparticles. 

Combination  of  the  intracellular  clustering  of  gold  nanopartides  around  specific  target  molecules  with  the  ability  of  nanoparticle  dusters  | 
to  selectively  generate  on-demand  microbubbfes  may  enable  highly  sensitive  and  noninvasive  imaging  of  specific  cellular  targets  and 
events  in  living  cells. _ 
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Abstract:  The  spectral  and  angular  radiation  properties  of  gold-silica-gold 
multilayer  nanoshells  are  investigated  using  Mie  theory  for  concentric  mul¬ 
tilayer  spheres.  The  spectral  tunability  of  multilayer  nanoshells  is  explained 
and  characterized  by  a  plasmon  hybridization  model  and  a  universal  scaling 
principle.  A  thinner  intermediate  silica  layer,  scaled  by  particle  size,  red 
shifts  the  plasmon  resonance.  This  shift  is  relatively  insensitive  to  the  overall 
particle  size  and  follows  the  universal  scaling  principle  with  respect  to  the 
resonant  wavelength  of  a  conventional  silica-gold  core-shell  nanoshell. 
The  extra  tunability  provided  by  the  inner  core  further  shifts  the  extinction 
peak  to  longer  wavelengths,  which  is  difficult  to  achieve  on  conventional 
sub- 100  nm  nanoshells  due  to  limitations  in  synthesizing  ultrathin  gold 
coatings.  We  found  multilayer  nanoshells  to  be  more  absorbing  with  a 
larger  gold  core,  a  thinner  silica  layer,  and  a  thinner  outer  gold  shell.  Both 
scattering  intensity  and  angular  radiation  pattern  were  found  to  differ  from 
conventional  nanoshells  due  to  spectral  modulation  from  the  inner  core. 
Multilayer  nanoshells  may  provide  more  backscattering  at  wavelengths 
where  silica-gold  core-shell  nanoshells  predominantly  forward  scatter. 

©  2008  Optical  Society  of  America 

OCIS  codes:  (290.4020)  Mie  theory;  (240.6680)  Surface  plasmon;  (350.4238)  Nanophotonics 
and  photonic  crystals. 
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1.  Introduction 

The  human  use  of  gold  has  been  well  documented  throughout  history.  Observations  have  been 
long  made  on  the  unique  optical  properties  of  nano-sized  particles  composed  of  gold.  The 
rapid  development  in  controlled  chemical  synthesis  and  computational  modeling  has  generated 
an  extensive  exploration  on  various  gold-related  nanostructures,  ranging  from  nanorods  [1] 
and  nanostars  [2,3],  to  core-shell  nanoshells  [4-6],  nanorice  [7],  and  nanocages  [8].  Silica- 
gold  core-shell  nanoshells  have  attracted  particularly  significant  research  attention  due  to  ag¬ 
ile  optical  tunabilities  [4,  9]  and  absorption  and  scattering  cross  sections  which  can  greatly 
exceed  those  of  organic  dyes  [10, 11].  Superior  photochemical  stability  in  combination  with 
excellent  biocompatibility  renders  gold  nanoshells  highly  attractive  for  biomedical  imaging 
and  spectroscopy  applications,  such  as  optical  coherence  tomography  [12],  reflectance  spec¬ 
troscopy  [13],  dark-field  and  two  photon  microscopy  [11, 14, 15].  Gold  nanoshells  have  also 
been  investigated  for  photothermal  therapy  and  controlled  drug  release  [16, 17]. 

Extinction  spectra  of  the  core-shell  nanoshell  can  be  tuned  by  varying  the  gold-shell  thick¬ 
ness  scaled  by  particle  size.  The  plasmon  resonance  of  gold  nanoshells  is  related  to  the  interac¬ 
tion  between  plasmons  supported  on  the  inner  and  outer  surface  of  the  gold  shell.  The  strength 
of  their  interaction  is  determined  by  the  shell  thickness  scaled  by  particle  size.  As  the  gold  shell 
decreases  in  thickness,  a  stronger  plasmon  interaction  red  shifts  the  resonance  peak  compared 
to  that  of  a  solid  gold  particle.  This  allows  the  tuning  of  nanoshell  plasmon  resonances  into  the 
near-infrared  (NIR)  region  [18]  where  main  biological  absorption  is  minimal  [19].  The  univer¬ 
sal  dependence  of  red  shifts  upon  shell  thicknesses  scaled  by  particle  size  was  reported  by  Jain 
et  al  [20]. 

Here  we  examine  the  optical  properties  of  gold-silica-gold  multilayer  nanoshells.  Fig.  1. 
illustrates  the  structure  of  multilayer  nanoshells  and  silica-gold  core-shell  nanoshells.  Xia  et 
al.  were  the  first  to  report  the  synthesis  of  ~50  nm  multilayer  nanoshells  that  may  exhibit 
NIR  absorption  peaks  [21].  Coating  gold  colloid  with  a  thin  layer  of  silica  was  achieved  by  a 
modified  Stober  method  in  which  silica  growth  was  preceded  by  a  sodium  silicate  (active  silica) 
treatment  in  an  aqueous  solution  with  a  controlled  pH.  The  outer  gold  coating  was  produced 
similarly  to  the  way  conventional  nanoshells  are  made.  Due  to  the  use  of  small  gold  colloids 
(~20  nm)  and  the  relative  ease  of  silica  coating  with  various  thicknesses,  sub- 1 00  nm  multilayer 
nanoshells  can  be  synthesized.  While  comparable  in  size  with  some  solid  gold  spheres,  a  greater 
spectral  tunability  is  expected  for  multilayer  nanoshells  due  to  the  interaction  of  plasmons  on 
interfaces  between  gold  and  dielectrics.  Such  nanoshells  could  also  offer  a  smaller  profile  than 
their  conventional  counterparts,  thus  provide  better  vascular  permeability  and  more  efficient 
antibody  conjugation  owing  to  the  larger  surface-to-volume  ratio  [21]. 

Thus  far,  the  optical  properties  of  the  multilayer  nanoshell,  composed  of  a  metallic  core  and 
two  alternating  dielectric  and  metallic  layers,  have  been  investigated  by  Chen  et  al.  to  achieve 
ultrasharp  resonant  peaks  across  the  spectrum  for  multiplexing  applications  [22].  In  the  study, 
the  overall  diameter  of  the  nanoshell  was  kept  at  10  nm  and  the  layers  were  tailored  with 
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subnanometer  precision.  The  thin  layers  sparked  some  controversy  over  spectral  broadening 
due  to  the  intrinsic  size  effect  on  metal  properties  for  nano-sized  particle  simulations  [23]. 


(a)  Conventional  nanoshell  (CNS)  (b)  Multilayer  nanoshell  (MNS) 

Fig.  1 .  Geometries  of  (a)  silica-gold  core-shell  conventional  nanoshells,  and  (b)  gold-silica- 
gold  multilayer  nanoshells. 

The  goal  of  this  paper  is  to  examine  the  spectral  and  angular  scattering  properties  of  gold- 
silica-gold  multilayer  nanoshells  in  the  size  region  where  successful  particle  syntheses  have 
been  reported  and  can  be  achieved  based  on  currently  available  protocols  [21,24].  The  study 
is  based  on  what  has  been  done  on  conventional  nanoshells,  with  the  objectives  of  unveiling 
and  understanding  the  similar  and  distinct  optical  properties  of  multilayer  nanoshells,  as  well 
as  investigating  their  potential  for  bioimaging  applications. 

2.  Methodology 

A  Mie-based  computation  code  has  been  developed  to  calculate  light  scattering  from  concen¬ 
tric  spheres  [25-27].  Boundary  conditions  at  each  inter-layer  interface  are  expressed  in  term 
of  vector  spherical  wave  functions  and  unknown  field  coefficients.  The  tangential  electric  and 
magnetic  fields  are  stored  as  alternating  rows  for  each  interface  in  a  square  matrix  and  the  vec¬ 
tor  of  unknown  coefficients  is  resolved  by  a  matrix  division.  This  approach  has  a  substantial 
computational  advantage  as  it  can  handle  subjects  from  spheres  with  stratification  to  spheres 
with  gradient  index  profiles.  Extinction,  scattering  and  absorption  coefficients  were  calculated 
based  on  Mie  scattering  coefficients  obtained  from  the  Mie  code.  Angular  radiation  was  calcu¬ 
lated  for  unpolarized  light  using  the  approach  outlined  by  van  de  Hulst  [27].  Details  of  the  code 
can  be  found  in  [25]. 

In  this  study,  plane-wave  expansion  coefficients  are  used  for  illumination.  This  assumes  that 
particles  are  located  far  enough  from  the  light  source  or  that  the  particles  are  significantly 
smaller  than  the  incident  beam  profile.  Other  assumptions  include  that  the  particles  are  rigidly 
spherical  and  the  layers  are  concentric.  It  is  to  be  noted  that  various  factors,  such  as  surface 
topology  [28],  core  eccentricity  [29]  and  interparticle  distance  [30]  have  been  reported  to  affect 
the  nanoshell  spectra  to  various  degrees. 

For  gold  properties,  data  from  Cristy  and  Johnson  [31]  are  adapted  for  the  simulation.  While 
the  spectral  broadening  effect  from  surface  scattering  in  nano-sized  particles  has  been  proposed 
and  observed  on  gold  colloids  [32,33],  the  current  literature  on  intrinsic  effects  of  the  core-shell 
nanoshells  has  not  been  able  to  reach  a  consensus.  Common  practice  at  times  adds  an  additional 
term  to  the  bulk  material  dielectric  constant  to  acount  for  the  limited  free  electron  path  imposed 
by  the  thin  gold  shell  [4].  Others  propose  that  this  modification  is  determined  by  the  core  radius 
to  shell  thickness  ratio  [34].  However,  it  was  reported  that  intrinsic  effects  were  not  observed 
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on  spectral  measurement  of  single  silica-gold  nanoshells  [35].  In  light  of  controversies  over 
this  issue,  intrinsic  size  corrections  were  not  considered  in  this  study.  In  addition,  we  attempt 
to  construct  gold  layer  geometries  outside  the  region  where  intrinsic  effects  prevail. 

In  simulations  presented,  water  is  the  surrounding  medium  unless  otherwise  noted.  The  di¬ 
electric  constant  for  silica  was  set  to  2.04  and  that  for  water  was  1.77.  The  Mie  code  was 
validated  against  published  spectral  results  for  gold  particles  [36],  silica-gold  nanoshells  [36], 
and  gold-silica-gold-silica  nanoshells  [37],  as  well  as  angular  radiation  patterns  of  silica-gold 
nanoshells  [38]. 

3.  Spectral  properties 

3.1.  Tunability  from  the  inner  gold  core 

In  this  section,  effects  from  the  inner  gold  core  are  qualitatively  explained  by  a  plasmon  hy¬ 
bridization  model  and  quantitatively  examined  using  Mie  theory.  The  goal  is  to  explore  the 
possibilities  of  synthesizing  multilayer  nanoshells  with  enhanced  optical  properties  in  the  NIR 
region. 

Similar  to  conventional  nanoshells  (CNS),  multilayer  nanoshells  (MNS)  have  tunable  optical 
properties,  as  explained  by  plasmon  hybridization  theory  [37].  Briefly  stated,  the  tunability  of  a 
CNS  is  attributed  to  the  interaction  between  plasmons  that  reside  on  the  outer  and  inner  surface 
of  the  gold  shell,  also  known  as  the  sphere  and  cavity  plasmon.  The  interaction  causes  the 
plasmon  to  split  into  a  low-energy  bonding  mode  and  a  high-energy  anti-bonding  mode.  The 
bonding  mode  is  often  visualized  by  the  surface  plasmon  resonance  peak  of  the  nanoshell  in 
the  vis-NIR  region.  The  peak  can  be  tuned  by  varying  the  ratio  of  shell  thickness  to  core  radius, 
which  essentially  tunes  the  coupling  strength  between  the  two  plasmons. 

In  contrast  to  CNS,  MNS  have  an  extra  degree  of  tunability  from  the  inner  gold  core.  This 
optical  tunability  can  be  understood  as  an  interaction  between  the  CNS  bonding  mode  \BN) 
and  the  gold  core  sphere  mode  |rC).  The  thickness  of  the  intermediate  silica  layer  determines 
the  degree  of  interplay  between  the  two  modes.  An  increase  in  the  inner  gold  core  radius  on  an 
otherwise  fixed  geometry  will  decrease  the  intermediate  silica  layer  thickness  and  increase  the 
plasmon  interaction.  This  is  accompanied  by  a  red  shift  of  the  spectrum  that  is  in  agreement 
with  Mie  calculation  results,  shown  in  Fig.  2  (Media  1). 


Fig.  2.  Calculated  spectra  of  CNS  and  MNS  with  various  inner  core  radii  while  the  silica 
and  outer  radius  remain  the  same  (Media  1).  The  red  shift  of  MNS  from  CNS  is  indicated 
by  lambda  shift. 

The  extra  tunability  introduced  by  the  inner  gold  core  facilitates  the  synthesis  of  small  MNS 
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with  NIR  extinction  peaks.  This  is  not  an  option  for  CNS.  Near-infrared  extinction  is  difficult 
to  achieve  on  small  CNS  because  extremely  thin  outer  gold  layers  are  required.  The  current 
coating  process  involves  functionalizing  the  silica  core  surface  with  amine  groups,  then  attach¬ 
ing  small  gold  colloids  (1-2  nm  in  size)  to  form  nucleation  sites  for  further  reduction  of  gold 
to  form  a  continuous  layer  [6].  However,  for  sub-10  nm  coats,  it  is  often  difficult  to  achieve 
even  layers  and  smooth  surfaces,  both  of  which  are  needed  to  avoid  drastic  deterioration  in  the 
overall  integrity  of  the  nanoshell  spectrum  [28,29].  For  MNS,  these  requirements  are  alleviated 
because  extinction  peaks  can  be  further  red  shifted  by  having  a  larger  inner  gold  core  with  a  thin 
surrounding  silica  layer.  The  compromise  is  a  damped  peak  owing  to  the  increasing  plasmon 
strength  associated  with  the  gold  core  mode  \rC). 

3.2.  Universal  scaling  principle 

Given  that  the  plasmon  coupling  strength  is  qualitatively  determined  by  the  intermediate  sil¬ 
ica  layer  thickness,  a  quantitative  analysis  is  desired  to  characterize  the  spectrum  signature  of 
MNS  with  various  dimensions.  Among  recently  reported  observations  is  the  universal  scaling 
principle,  which  was  first  reported  for  metal  particle  pairs  in  which  plasmon  resonance  is  red 
shifted  from  that  of  an  isolated  metal  sphere  by  moving  the  two  particles  closer  together  [39]. 
The  shift  exhibits  a  near-exponential  decay  with  increasing  interparticle  distance.  Jain  et  al.  ex¬ 
tended  this  theory  to  CNS  where  the  gold  shell  thickness,  scaled  by  particle  size,  is  analogous 
to  the  interparticle  gap  and  the  two  interacting  plasmon  modes  act  as  a  particle  pair  [20].  A 
similar  exponential  decay  is  observed  independent  of  the  overall  nanoshell  dimension.  While 
MNS  support  more  than  two  plasmons,  their  plasmon  resonance  is  mainly  determined  by  the 
interaction  between  the  bonding  mode  of  CNS  and  the  sphere  mode  of  the  gold  core.  The  CNS 
anti -bonding  mode,  however,  has  a  very  small  dipole  moment  because  the  cavity  plasmon  is  op¬ 
positely  aligned  with  the  sphere  mode.  For  this  reason,  the  CNS  anti-bonding  mode  interaction 
with  the  core  mode  is  small  and  becomes  too  damped  to  be  visible  in  the  spectra.  The  cou¬ 
pling  strength  between  the  two  major-playing  modes  is  determined  by  the  intermediate  silica 
layer  thickness,  scaled  by  the  overall  particle  size.  With  R2IR3  ratio  kept  constant,  a  universal 
decaying  curve  is  observed  for  MNS  of  different  dimensions. 

Figure  3  illustrates  an  exponential  decay  insensitive  to  the  overall  particle  size  at  a  constant 
ratio  of  R2/R3  =  0.6.  Results  (data  not  shown)  indicate  that  both  the  R2/R3  ratio  and  the  sur¬ 
rounding  medium  affect  the  rate  of  decay.  In  addition,  larger  MNS  were  found  to  retain  the 
same  exponential  decay  but  at  slightly  different  rates.  This  can  be  partially  attributed  to  the  fact 
that  multiple  resonant  peaks  start  to  emerge  with  broad  widths  and  less  well-defined  shapes. 
Nevertheless,  the  universal  scaling  principle  demonstrates  that  CNS  plasmon  resonant  peaks 
can  be  further  red  shifted  on  MNS  by  reducing  the  silica  layer  thickness.  For  particles  retaining 
their  overall  dimension  and  outer  shell  thickness,  this  translates  to  the  use  of  large  gold  cores 
with  thin  silica  coatings. 

It  is  worth  noting  that  when  t  is  pushed  to  the  zero  limit  where  R 1  =  R2,  thus  the  silica  layer 
thickness  approaches  zero,  the  plasmon  mode  red  shifts  to  zero  energy.  However,  the  spectral 
weight  becomes  negligible  due  to  the  cancellation  of  the  dipole  moments  of  the  core  and  of  the 
shell. 

3.3.  Sensitivity  to  the  surrounding  medium 

The  plasmon  hybridization  model  can  be  used  to  explain  the  spectral  sensitivity  of  MNS  to 
the  surrounding  medium.  MNS  plasmons  are  resulted  from  the  hybridization  between  CNS 
bonding  modes  \BN)  and  gold  core  sphere  modes  |rC),  and  since  |rC)  is  not  in  direct  contact 
with  the  outside,  \BN)  is  the  mode  mainly  affected  by  the  surrounding  medium.  For  instance, 
an  increase  in  the  refrative  index  of  the  medium  does  not  directly  affect  |rC)  but  red  shift  \BN), 
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Fig.  3.  Mie  calculation  results  for  wavelength  shifts  from  the  MNS  {R1/R2/R3)  vis-NIR 
plasmon  resonance  peak  relative  to  that  of  CNS  (R2/R3)  with  the  same  silica  and  outer 
gold  radius  versus  intermediate  silica  thickness  scaled  by  particle  size  of  MNS.  t  =  (fo  ~ 
Ri)/R3,  a  =  972.43,(8  =  13.48. 


contributing  to  an  overall  red  shift  as  demonstrated  in  Fig.  4.  This  suggests  that  MNS  may  be 
used  as  sensors  in  various  sensing  applications  based  on  detecting  localized  surface  plasmon 
resonances  (LSPRs). 

While  CNS  and  other  nanostructure  have  been  studied  for  sensing  applications  [40,41],  MNS 
may  offer  some  unique  opportunities  given  multiple  extinction  peaks  shifted  in  a  synchronous 
fashion  when  the  surrounding  medium  is  perturbed.  Moreover,  the  degree  of  shift  of  each  peak 
was  found  to  be  particle-dependent.  Table  1  tabulates  the  wavelength  shift  for  two  MNS  with 
an  identical  size  and  gold  shell  thickness.  Between  the  two,  MNS2  bears  a  stronger  plasmonic 
coupling  between  \BN)  and  \rC)  than  MNSl.  It  can  be  seen  that  MNS2  has  a  larger  peak  shift 
at  the  shorter  wavelength  and  its  inter-peak  distance  decreases  with  increasing  medium  indices. 
The  opposite  was  found  for  MNSl.  Also  observed  is  that  the  shift  of  each  peak  of  the  MNS 
approximately  adds  up  to  that  of  the  single  SPR  on  an  equivalent  CNS. 


Fig.  4.  Calculated  extinction  spectra  of  R20/30/35  nm  MNS  immersed  in  various  media 
with  distinct  refractive  indices. 
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Table  1.  Surface  plasmon  resonance  peak  shift  of  R20/35/50  nm  (MNSl),  f?30/35/50  nm 
(MNS2),  and  R35 /50  nm  (CNS)  in  different  dielectric  media  (Xp2  >  Xpi ). 


pi  shift 
(nm) 

p2  shift 
(nm) 

p2-pl 

(nm) 

3  shift 
(nm) 

refractive  index 

MNSl 

MNS2 

MNSl 

MNS2 

MNSl 

MNS2 

CNS 

1.0 

0 

0 

0 

0 

110 

424 

0 

1.1 

5 

8 

10 

4 

115 

420 

15 

1.2 

11 

20 

22 

9 

121 

413 

33 

1.3 

16 

37 

38 

15 

132 

402 

56 

1.4 

21 

53 

56 

22 

145 

393 

80 

1.5 

27 

68 

77 

29 

160 

385 

105 

3.4.  Tunability  on  scattering  and  absorption 

Rayleigh  criteria  state  that,  for  particles  much  smaller  than  the  wavelength,  the  scattering  in¬ 
tensity  is  proportional  to  R^,  where  R  is  the  particle  radius  [42].  However,  absorption  depends 
on  particle  volume,  which  is  proportional  to  R^  for  a  sphere.  The  higher  order  dependence  on 
particle  size  makes  scattering  more  sensitive  to  size  variations  than  absorption.  For  instance, 
at  532  nm,  100  nm  solid  gold  spheres  have  approximately  the  same  absorption  and  scatte¬ 
ring  cross  sections  in  water  [42].  Scattering  attenuates  more  drastically  than  absorption  when 
particle  size  decreases,  rendering  gold  colloids  absorption-dominant.  In  contrast,  increasing 
particle  size  enhances  scattering  much  faster  than  absorption;  thus,  large  particles  are  mainly 
scattering-based.  For  inhomogeneous  spheres,  such  as  silica-gold  core-shell  CNS,  it  has  been 
demonstrated  that  the  scattering-to-absorption  ratio  rises  with  increasing  core  size  or  outer  shell 
thickness  or  both  [12].  These  observations  provide  very  useful  guidelines  for  synthesizing  parti¬ 
cles  to  match  either  scattering-  or  absorption-based  applications  at  desired  wavelengths  [16,43]. 

The  scattering  and  absorption  behavior  of  concentric  multilayer  spheres  can  be  studied  sim¬ 
ilarly  as  functions  of  layer  thickness  to  obtain  insight  into  how  changes  in  each  layer  affect 
the  overall  scattering  and  absorption.  Due  to  the  complexity  in  displaying  results  with  concur¬ 
rent  variation  in  each  of  the  three  layers,  simulations  were  adapted  to  geometries  in  which  two 
layer  thicknesses  were  changed  while  the  third  layer  remained  fixed.  Three  sets  of  runs  were 
performed  with  three  combinations  of  the  two  variable-layer  thicknesses.  At  each  dimension, 
the  extinction,  scattering,  and  absorption  spectra  were  calculated  from  400  to  1941  nm.  Two 
plasmon  resonance  wavelengths  Xmax  were  chosen  at  the  extinction  maxima.  The  scattering  to 
extinction  ratio  was  calculated  at  the  longer  of  the  two;  the  one  associated  with  the  MNS  mode 
rather  than  the  gold  sphere  mode.  If  only  one  maximum  occurred  in  the  wavelength  range, 
then  the  calculation  was  performed  at  that  wavelength.  Since  the  resulting  plots  illustrate  the 
scattering  ratio  at  the  longer  plasmon  resonant  wavelengths,  we  expect  the  magnitude  of  the 
extinction  peak  to  attenuate  as  it  red  shifts  and  it  may  become  weaker  than  the  resonance  at 
shorter  wavelengths. 

3.4.1.  Inner  gold  core  radius  fixed  at  10  nm 

This  inner  core  radius  was  chosen  based  on  the  first  experimental  synthesis  of  MNS  [21].  Figure 
5(a)  indicates  that  scattering  increases  with  thicker  silica  layers  or  thicker  outer  gold  shells  or 
both.  This  behavior  resembles  that  reported  for  CNS  [12].  With  a  thin  silica  layer  coating  (<10 
nm)  [21,24,44],  MNS  exhibit  more  absorption  than  scattering.  However,  when  the  silica  layer 
thickness  is  increased  beyond  20  nm,  MNS  become  mainly  scattering  at  practical  outer  shell 
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thicknesses. 


3.4.2.  Intermediate  silica  layer  fixed  at  10  nm 

For  these  calculations,  Fig.  5(b)  shows  that  the  general  trend  still  holds  that  thicker  outer  shells 
produce  more  scattering;  however,  the  role  of  the  inner  gold  core  is  less  clear.  Below  20  nm, 
an  increase  in  the  core  radius  slowly  increases  the  scattering-to-extinction  ratio,  but  this  trend 
seems  to  reverse  when  the  core  radius  goes  above  20  nm.  Another  set  of  simulations  on  20  nm 
silica  layers  (not  shown  here)  indicate  minimal  effects  from  the  gold  core  below  10  nm  in  radius 
and  the  scattering-to-extinction  ratio  became  relatively  insensitive  to  further  increases  in  core 
radius.  At  thin  silica  layer  thicknesses  (<5  nm),  MNS  behavior  is  similar  to  solid  gold  colloids 
in  that  increasing  the  inner  core  radius  gradually  enhances  scattering. 

3.4.3.  Outer  shell  fixed  at  20  nm 

Similar  to  the  results  in  Fig.  5(a)  and  5(b),  Fig.  5(c)  displays  a  profile  in  which  absorption  is 
dominant  or  equivalent  to  scattering  for  thin  silica  layers  (<  10  nm).  Thicker  silica  layers  (>  10 
nm)  quickly  turn  MNS  into  scattering  particles,  with  minimal  impact  from  the  inner  gold  core. 

3.4.4.  Outer  shell  and  overall  size  fixed 

To  elucidate  the  core  effect,  the  overall  diameter  and  the  outer  shell  thickness  were  kept  fixed. 
The  inner  core  radius  was  gradually  increased  to  the  point  at  which  the  core  made  contact  with 
the  outer  shell.  The  absorption-to-extinction  ratio  was  obtained  at  the  plasmon  resonance,  as 
described  above,  and  results  are  shown  in  Fig.  5(d). 

Four  different  geometries  with  the  same  Rx/Ri  ratio  are  plotted  in  Fig.  5(d).  As  the  core 
radius  increases,  the  absorption  component  at  the  plasmon  resonance  also  increases.  This  is 
counterintuitive  since  we  expect  large  gold  colloids  to  exhibit  more  scattering  than  absorp¬ 
tion.  The  explanation  lies  in  the  interplay  between  the  gold  core  and  other  layers  of  the  MNS. 
For  instance,  an  increasing  core  size  results  in  a  thinner  silica  coating  in  this  otherwise  fixed 
geometry,  and  according  to  Fig.  5(a)-5(c),  thinner  silica  layers  produce  less  scattering;  this  is 
consistent  with  the  behavoir  in  Fig.  5(d).  Furthermore,  the  discontinuities  at  large  R  \  /R2  ratios 
reflect  the  region  where  the  silica  layer  becomes  so  thin  that  the  MNS  resonant  wavelengths 
lie  outside  the  region  of  interest  and  the  gold  colloid  resonance  dominates.  MNS  demonstrate 
strong  scattering  characteristics  associated  with  solid  gold  spheres.  It  can  be  seen  that  large 
particles  (i.e.  /?v/80/100  nm)  produce  more  scattering  than  small  particles  (i.e.  /tr/24/30  nm). 
Because  one  of  the  main  advantages  of  MNS  over  CNS  is  their  relatively  small  size  owing  to 
the  use  of  small  gold  cores  and  the  possibility  of  coating  them  with  thin  silica  layers,  sub-100 
nm  MNS  are  perceived  as  advantageous  in  absorption  applications  where  NIR  extinction  is 
desired. 

4.  Angular  radiation  properties 

To  understand  scattering  enhancement  by  nanoshells  in  applications  where  detection  angle  and 
angular  acceptance  range  may  differ,  angular  properties  need  to  be  considered.  Angular  proper¬ 
ties  are  commonly  characterized  by  the  overall  radiation  power  and  its  directivity  within  certain 
angular  ranges.  The  former  is  defined  by  the  scattering  cross  section,  C sea,  and  the  latter  is  of¬ 
ten  described  by  a  single-value  parameter:  the  anisotropy  factor  g,  which  is  a  cosine-weighted 
average  over  all  values  of  the  scattering  angle.  The  scattering  cross  section  is  calculated  from 
the  Mie  coefficients  [27].  The  anisotropy  factory  is  calculated  as 

Jq  Sii{6)cos62nsin9d0 

Jo  Sni9)2nsinede 
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(c)  i?3  —  ^2  =  20  nm 


(d)  S3  fixed 


Fig.  5.  Scattering-to-extinction  ratio  at  plasmonic  resonant  wavelengths  of  MNS  with  (a) 
inner  gold  core  radius  kept  at  10  nm  and  varying  the  silica  and  outer  gold  layer  thickness, 
(h)  silica  layer  thickness  kept  at  10  nm  and  varying  the  inner  gold  core  radius  and  outer 
gold  layer  thickness,  (c)  outer  gold  shell  kept  at  20  nm  and  varying  the  inner  gold  core 
radius  and  silica  layer  thickness.  Ahsorption-to-extinction  ratio  (d)  at  plasmonic  resonant 
wavelengths  of  MNS  with  the  overall  diameter  and  outer  gold  shell  thickness  fixed  and 
varying  the  inner  gold  core  radius  and  silica  layer  thickness. 


where  5ii  is  the  angular  radiation  power  of  unpolarized  light. 

For  strongly  scattering  nanoshells  (>  200  nm  in  size),  the  main  extinction  peak  coincides 
with  the  scattering  peak  where  the  radiation  pattern  grows  to  an  overall  maximal  level.  Because 
MNS  and  CNS  exhibit  distinct  spectra,  as  shown  in  Fig.  2,  drastically  different  radiation  pat¬ 
terns  are  expected  at  some  wavelengths.  Figure  6  (Media  2)  compares  the  radiation  patterns 
from  MNS  and  CNS  computed  as  the  radiation  power  normalized  to  the  incident  power  at  one 
meter  from  the  center  of  the  particle.  The  radiation  power  was  integrated  over  all  azimuthal  an¬ 
gles  and  plotted  in  logarithmic  form:  \ogw{PradlPinc)-  Scattering  cross  sections  are  highlighted 
at  selected  wavelengths  corresponding  to  the  radiation  pattern.  The  overall  size  and  outer  shell 
thickness  were  chosen  so  that  the  corresponding  CNS  are  scattering-dominant. 

It  can  be  seen  that  /?90/125/140  nm  MNS  scatters  more  at  550  nm  [Fig.  6(a)],  whereas 
/?125/140  nm  CNS  radiates  more  at  755  nm  [Fig.  6(b)]  and  1145  nm  [Fig.  6(c)].  At  1270 
nm  the  two  nanoshells  scatter  approximately  the  same  [Fig.  6(d)];  this  is  also  indicated  by  the 
nearly  equivalent  scattering  cross  sections  [Fig.  6(e)].  Although  optical  cross  sections  give  an 
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Wavelength  (nm) 


(^)  Qsca 


Fig.  6.  Angular  radiation  pattern  of  R90/125/140  nm  MNS  (blue)  and  R125/140  nm  CNS 
(green)  at  (a)  550  nm,  (b)  755  nm,  (c)  1145  nm,  (d)  1270  nm  and  (e)  scattering  spectra  of 
MNS  (blue)  and  CNS  (green)  (urlMedia  2).  Nanoshells  are  located  in  the  center  of  the  plot, 
and  the  incident  wave  enters  from  the  bottom  (180°). 


overall  indication  of  the  radiating  power,  they  do  not  provide  angular  properties.  For  instance, 
despite  an  overall  stronger  radiation  at  755  nm,  /?125/140  nm  CNS  does  not  project  as  much 
power  in  the  back  direction  as  /?90/ 125/140  nm  MNS.  From  the  radiation  patterns  above,  it 
can  also  be  observed  that  /?125  / 140  nm  CNS  is  more  forward-scattering  (positive  g)  at  shorter 
wavelengths  and  becomes  isotropic  (g  ~  0)  and  slightly  back-scattering  (negative  g)  at  wave¬ 
lengths  longer  than  the  resonance  wavelengths.  The  f?90/125/140nm  MNS,  however,  does  not 
exhibit  regularities  that  can  be  associated  with  spectral  signatures. 

To  further  consolidate  this  observation,  spectral  properties  are  plotted  side  by  side  with  the 
anisotropy  factor  at  different  wavelengths  for  200  nm  CNS  and  MNS  with  various  layer  geome- 
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tries  in  Fig.  7.  A  well-defined  border  between  large  and  near-zero  g  values  is  found  to  follow 
the  general  trend  of  CNS  spectra.  This  suggests  the  plasmon  resonant  wavelength  is  a  bound¬ 
ary  beyond  which  CNS  primarily  scatter  isotropically.  Nevertheless,  MNS  seem  to  reach  low 
g  values  at  shorter  wavelengths  prior  to  the  plasmon  resonance.  This  may  indicate  a  stronger 
back  scattering  profile  compared  to  CNS,  as  already  seen  in  Fig.  6(b). 


Wavelength  (nm) 

(a)  Sx/lOO  nm  CNS 


400  800  1200 

Wavelength  (nm) 

(c)  Qea,  Rx/85/100  nm  MNS 


Wavelength  (nm) 


(b)  g,Rx/100nmCNS 


Wavelength  (nm) 

(d)  g,i?.v/85/100nmMNS 


Fig.  7.  (a)  Extinction  efficiency  spectra  for  Rx/\QQ  nm  CNS  with  varying  silica  core  radius 
X.  (b)  Anisotropy  factor  plot  for  corresponding  CNS  at  different  wavelengths,  (c)  Extinction 
efficiency  spectra  for  f?x/85/100  nm  MNS  with  varying  gold  core  radius  x.  (d)  Anisotropy 
factor  plot  for  corresponding  MNS  at  different  wavelengths. 


5.  Summary 

Both  spectral  and  angular  radiation  properties  of  gold-silica-gold  multilayer  nanoshells  have 
been  studied  using  Mie  theory.  The  plasmon  hybridization  model  was  employed  to  explain 
the  spectral  tunability  due  to  inner  gold  core.  While  the  plasmon  coupling  strength  of  CNS 
is  known  to  be  determined  by  a  normalized  gold  shell  thickness,  that  of  the  MNS  was  found 
to  be  determined  by  the  normalized  intermediate  silica  layer  thickness.  A  thinner  silica  layer 
results  in  a  red  shift  of  the  plasmon  resonance.  Furthermore,  the  MNS  spectral  shift  from  CNS 
without  the  gold  core  is  characterized  by  an  exponential  curve  that  was  found  to  be  insensitive 
to  the  particle  size,  when  the  outer  shell  thickness-to-particle  size  is  fixed.  This  confirms  the 
universal  scaling  principle  reported  on  particle  pair  systems  and  silica-gold  core-shell  CNS. 
MNS  also  demonstrate  many  characteristics  that  are  similar  to  CNS.  For  instance,  a  thicker 
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silica  layer  and  a  thinner  gold  shell  both  red  shift  the  MNS  spectrum  (results  not  shown)  and 
produce  more  scattering  at  the  plasmon  resonance.  MNS  are  sensitive  to  the  external  medium 
and  their  multiple  extinction  peaks  with  deep  spectral  valleys  may  prove  valuable  for  improving 
the  sensitivity  and  specificity  of  various  biosensing  and  bioimaging  modalities. 

Scattering  patterns  from  MNS  differ  from  those  of  CNS  due  to  the  spectral  modulation  in¬ 
duced  by  the  core.  Trends  in  MNS  angular  radiation  patterns  are  more  intricate  than  those  of 
CNS.  While  CNS  predominantly  forward-scatter  at  wavelengths  shorter  than  the  plasmon  res¬ 
onant  wavelength,  MNS  may  radiate  more  in  the  back  and  side  directions  at  these  wavelengths. 

In  summary,  this  study  compares  the  optical  properties  of  composite  multilayer  structures 
with  those  of  CNS,  whose  properties  are  well  understood.  Fully  exploiting  the  potential  of 
MNS  requires  synthetic  studies  assessing  independent  control  of  each  layer,  morphological 
and  topological  features,  size  dispersity,  and  protocol  repeatability.  It  is  anticipated  that  such 
studies  will  lead  to  development  of  multilayer  nanoshells,  which,  in  turn,  will  accelerate  the 
development  of  new  applications. 
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ABSTRACT 


The  strong  cetyltrimethylammonium  bromide  (CTAB)  surfactant  responsible  for  the  synthesis  and 
stability  of  gold  nanorod  solutions  complicates  their  biomedical  applications.  The  critical  parameter  to 
maintain  nanorod  stability  is  the  ratio  of  CTAB  to  nanorod  concentration.  The  ratio  is  approximately 
740,000  as  determined  by  chloroform  extraction  of  the  CTAB  from  a  nanorod  solution.  A  comparison 
of  nanorod  stabilization  by  thiol-terminal  poly(ethylene  glycol)  (PEG)  and  by  anionic  polymers  reveals 
that  PEGylation  results  in  higher  yields  and  less  aggregation  upon  removal  of  CTAB.  A 
heterobifunctional  PEG  yields  nanorods  with  exposed  carboxyl  groups  for  covalent  conjugation  to 
antibodies  with  the  zero  length  carbodiimide  linker  EDC.  This  conjugation  strategy  leads  to 
approximately  2  functional  antibodies  per  nanorod  according  to  fluorimetry  and  EEISA  assays.  The 
nanorods  specifically  targeted  cells  in  vitro,  and  were  visible  with  both  two  photon  and  confocal 
reflectance  microscopies.  This  covalent  strategy  should  be  generally  applicable  to  other  biomedical 
applications  of  gold  nanorods  as  well  as  other  gold  nanoparticles  synthesized  with  CTAB. 


MANUSCRIPT  TEXT 


1.  Introduction 

Localized  surface  plasmon  resonances  (LSPR)  of  gold  nanoparticles  result  in  strong  optical  absorption 
and  scattering  at  visible  and  near- infrared  wavelengths.  [1]  These  optical  properties  are  of  considerable 
interest  for  biomedical  applications,  since  the  plasmon  resonance  can  affect  localized  heating  and  light 
scattering,  and  since  gold  nanoparticles  are  relatively  inert  in  biological  systems.  Tunable  gold 
nanoparticles  have  been  recently  investigated  for  applications  in  photothermal  therapy,  drug  delivery, 
and  diagnostic  imaging. [2-8]  Biomedical  applications  will  ultimately  rely  on  the  ability  to  target  the 
gold  nanoparticles  specifically  to  certain  tissues  or  cell  types  with  antibodies,  aptamers,  and  peptides. [9] 
A  variety  of  gold  nanoparticle  shapes  have  been  fabricated  and  investigated,  including  spheres, [10] 
shells, [11]  rods,[12-18]  cages, [19,  20]  and  stars. [21]  One  nanoparticle  synthesis  that  is  particularly 
powerful  and  versatile  is  the  growth  of  colloidal  gold  seeds  in  the  presence  of  the  surfactant 
cetyltrimethylammonium  bromide  (CTAB).  This  method  produced  gold  nanorods  at  first  in  low 
yield,  [22]  and  then  later  in  high  yield[23,  24]  with  resonances  in  the  near-infrared.  Gold  nanorods  are 
of  particular  interest  for  biomedical  applications  due  to  their  small  size  and  potentially  improved 
permeation  into  tissue,  relative  to  larger  tunable  gold  nanoparticles.  However,  gold  nanorods  and  other 
shapes  synthesized  with  CTAB  are  also  stabilized  by  this  strong  surfactant,  which  is  thought  to  form  a 
bilayer  on  the  nanoparticle  surface. [25]  If  the  CTAB  is  removed  from  solution,  the  nanorods 
immediately  aggregate.  [17]  Several  strategies  have  been  developed  to  modify  the  surface  chemistry  of 
nanorods,  including  polyelectrolyte  wrapping  to  bind  the  CTAB  layer, [26]  displacement  of  the  CTAB 
layer  by  a  thiol  terminal  polyethylene  glycol  (PEG), [17]  and  displacement  by  alkanethiols[27]  and 

*  Abbreviations:  Ab  =  antibody;  AF-Ab  =  Alexa  Fluor  labeled  antibody;  CCD  =  charge  coupled  device;  CTAB  = 
cetyltrimethylammonium  bromide;  EDC  =  l-ethyl-[3-dimethylaminopropyl]carbodiimide;  ELISA  =  enzyme  linked 
immunosorbent  assay;  LSPR  =  localized  surface  plasmon  resonance;  MLS  =  2-(N-morpholino)ethanesuflonic  acid  (MES); 
NHS  =  N-hydroxysuccinimide;  PBS  =  phosphate  buffered  saline;  PEG  =  poly(ethylene  glycol);  PSS  =  poly(sodium  4- 
stryene-sulfonate);  WGA  =  wheat  germ  agglutinin 


lipids. [28]  Even  with  these  options,  manipulation  and  targeting  of  nanorods  has  proven  difficult, 
although  there  has  been  some  recent  success  with  polyelectrolyte  wrapping.  [9,  12,  29-37]  This  report 
describes  progress  on  three  aspects  of  biological  targeting  of  CTAB -synthesized  gold  nanorods.  First, 
the  sensitivity  of  nanorod  stability  to  CTAB  concentration  has  been  carefully  characterized.  Second,  a 
simple  chemical  strategy  has  been  developed  to  create  nanorod- antibody  conjugates  based  on  strong 
gold-thiol  and  amide  bonds  that  specifically  target  cells.  Third,  optical  imaging  modalities  to  detect 
nanorods  in  cells  have  been  studied. 

2.  Materials  and  Methods 

Nanorod  Synthesis 

Gold  nanorods  were  prepared  as  described  previously, [23,  24]  but  the  procedure  was  scaled  up  to 
increase  the  quantity.  All  solutions  were  prepared  fresh  for  each  synthesis,  except  for  the  hydrogen 
tetrachloroaurate(III)  (Sigma,  #520918),  which  was  prepared  as  a  28  mM  stock  solution  from  a  dry 
ampule  and  stored  in  the  dark.  An  aliquot  of  the  stock  solution  was  diluted  to  10  mM  immediately 
before  use.  Gold  seed  particles  were  prepared  by  adding  250  pL  of  10  mM  hydrogen 
tetrachloroaurate(III)  to  7.5  mL  of  100  mM  cetyltrimethylammonium  bromide  (CTAB)  (Sigma, 
#H9151)  in  a  plastic  tube  with  brief,  gentle  mixing  by  inversion.  Next,  600  pL  of  10  mM  sodium 
borohydride  (Acros,  #18930)  was  prepared  from  DI  water  chilled  to  2-8°  C  in  a  refrigerator  and  added 
to  the  seed  solution  immediately  after  preparation,  followed  by  mixing  by  inversion  for  1-2  min.  The 
pale  brown  seed  solution  was  stable  and  usable  for  several  hours. 

The  nanorod  growth  solution  was  prepared  by  adding  the  following  reagents  to  a  plastic  tube  in  the 
following  order  and  then  gently  mixing  each  by  inversion:  425  mL  of  100  mM  CTAB,  18  mL  of  10  mM 
hydrogen  tetrachloroaurate(III),  and  2.7  mL  of  10  mM  silver  nitrate  (Acros,  #19768).  Next,  2.9  mL  of 
100  mM  ascorbic  acid  (Fisher,  #A61)  was  added  and  mixed  by  inversion,  which  changed  the  solution 
from  brownish-yellow  to  colorless.  To  initiate  nanorod  growth,  1.8  mL  of  seed  solution  was  added  to 


the  growth  solution,  mixed  gently  by  inversion,  and  left  still  for  three  hours.  During  this  time,  the  color 
changed  gradually  to  dark  purple,  with  most  of  the  color  change  occurring  in  the  first  hour. 

Nanorod  Stabilization 

Nanorod  solutions  were  heated  to  30  C  to  melt  CTAB  crystals  which  form  at  room  temperature,  and 
therefore  provide  a  known  initial  CTAB  concentration  of  100  mM.  5  mL  aliquots  were  pelleted  by 
centrifugation  at  6000  rpm  for  60  minutes.  4.5  mL  of  the  clear  supernatants  were  decanted,  and  the 
pellets  were  resuspended  with  water.  The  nanorod  solutions  were  pelleted  again  at  6000  rpm  for  60 
minutes,  and  the  clear  supernatants  were  decanted.  For  anionic  polymer  stabilization,  the  nanorod 
pellets  were  resupsended  with  4.5  mL  of  a  solution  containing  30  mg/mL  poly(sodium  4-stryene- 
sulfonate)  (PSS,  Aldrich,  #243051)  and  1  mM  NaCl.  For  PEGylation,  the  nanorod  pellets  were 
resuspended  with  4.5  mL  of  a  solution  containing  200  pM  K2CO3  and  10  pM  mPEG-SH  (Nektar 
Therapeutics,  #2M4E0H01).  Eor  both  stabilization  methods,  the  nanorod  solution  was  incubated 
overnight  at  room  temperature.  Subsequent  rounds  of  sedimentation,  decantation,  and  resuspension 
with  water  were  then  carried  out  as  described  above  to  lower  the  CTAB  concentration. 

CTAB  Dilution 

CTAB  dilution  was  carried  out  by  two  methods.  Eor  the  data  in  Eigure  1,  the  CTAB  was  diluted  by 
subsequent  rounds  of  sedimentation,  decantation,  and  resuspension  with  water  as  described  in  the 
preceding  section,  except  that  no  stabilizing  agent  was  applied.  Eor  the  data  in  Eigure  2,  a  600  pE 
aliquot  of  nanorods  diluted  to  1.4  mM  CTAB  was  put  in  a  custom  9  mE  cuvette  for  spectral  analysis. 
The  plasmon  resonant  spectral  extinction  was  monitored  as  water  was  added  to  the  solution  at  20 
pE/min  with  a  pipette  pump. 

Chloroform  Extraction 

A  separatory  funnel  was  filled  with  100  mE  of  chloroform  and  10  mE  of  nanorod  solution  which 
contained  30  mM  CTAB.  The  mixture  was  vigorously  shaken  and  allowed  to  separate  over  night.  The 


aqueous  nanorod  solution  was  extracted  and  500  qL  aliquots  were  placed  in  test  tubes.  To  these  tubes 
were  added  increasing  quantities  of  chloroform  for  a  second  extraction:  0,  50,  100,  150,  200,  250,  and 
300  pL.  After  vigorous  mixing,  these  were  allowed  to  separate  over  night.  The  aqueous  nanorod 
solutions  were  then  removed  and  analyzed. 

Nanorod  Bioconjugation 

Nanorods  were  stabilized  with  the  heterobifunctional  linker  a-thio-co-carboxy  poly(ethylene  glycol) 
(Iris  Biotech,  #HOOC-PEG-SH)  by  the  PEGylation  method  described  above  and  resuspended  in  100 
mM  2-(N-morpholino)ethanesuflonic  acid  (MES)  buffer  (Sigma,  #M-0164)  at  pH  6.1.  The  nanorods 
were  concentrated  by  sedimentation  to  a  volume  of  100  pE  with  an  absorbance  value  greater  than  10  at 
the  ESPR  peak  wavelength.  96  mg  of  l-ethyl-[3-dimethylaminopropyl]carbodiimide  (EDC,  Sigma, 
#1769)  and  29  mg  of  N-hydroxysuccinimide  (NHS,  Sigma,  #1306762)  were  added  to  10  mE  of  MES 
buffer,  mixed,  and  then  10  pE  of  this  solution  was  immediately  added  to  the  100  pE  nanorod  solution. 
This  mixture  was  allowed  to  sit  for  15  minutes,  during  which  0.5  mE  of  2-mercaptoethanol  was  diluted 
into  14.5  mE  MES  buffer.  After  the  15  minute  incubation,  10  pE  of  the  diluted  2-mercaptoethanol  was 
added  to  the  nanorod  solution.  This  mixture  was  allowed  to  sit  for  10  minutes,  after  which  400  pE  of 
the  antibody  solution  at  2  mg/mE  in  PBS  pH  7.1  was  added.  This  final  500  pE  NR/Ab  solution  was 
incubated  for  2  hours  at  room  temperature.  Einally,  the  NR-Ab  conjugates  were  separated  from  excess 
reactants  and  byproducts  by  sedimentation  at  10,000  rpm,  decantation,  and  resuspension  of  the  pellet  in 
PBS  buffer. 

Fluorimetry 

The  procedure  above  was  followed  with  an  Alexa  Eluor  488  labeled  rabbit  IgG  (AE-Ab,  Invitrogen, 
#A11059).  Upon  completion,  the  AE-Ab-NR  conjugates  were  put  through  subsequent  rounds  of 
sedimentation,  90%  decantation,  and  resuspension  in  PBS.  The  supernatants  and  the  final  AE-Ab-NR 


conjugate  solutions  were  analyzed  in  a  Horiba  Jobin-Yvon  FluoroLog-3  fluorimeter  with  CW  Xenon 
excitation.  The  free  AF-Ab  in  the  supernatants  served  as  a  standard  curve  to  determine  the 
concentration  of  AF-Ab  bound  to  the  nanorods. 

Nanoparticle  ELISA 

Gold  nanorods  conjugated  to  mouse  anti-human  HER2  antibodies  (NeoMarkers,  #MS-301-PABX) 
were  incubated  with  horseradish  peroxidase-labeled  anti-mouse  IgG  (Sigma,  #  A4416)  for  1  hour. 
Nonspecific  reaction  sites  were  blocked  with  a  3%  solution  of  bovine  serum  albumin.  Nanorods  were 
rinsed  twice  by  sedimentation  and  resuspension  in  3%  bovine  serum  albumin  to  remove  any  unbound 
IgG.  The  HRP  bound  to  the  nanorod  conjugates  was  developed  with  3,3’,5,5’-tetramethylbenzidine 
dihydrochloride  (Sigma,  #T3405)  and  compared  with  a  HRP  anti-mouse  IgG  standard  curve  by 
determining  the  absorbance  at  450  nm  with  a  spectrophotometer. 

Nanorod  Targeting 

Anti-HER2  nanorod  conjugates  were  incubated  with  two  cell  types:  the  HER2-overexpressing 
epithelial  breast  cancer  cell  line  SK-BR-3  and  the  normal  mammary  epithelial  cell  line  MCEIOA 
(American  Type  Culture  Collection).  The  SK-BR-3  cells  were  grown  in  McCoy’s  5A  medium 
supplemented  with  10%  fetal  bovine  serum  and  1%  penicillin- streptomycin  and  maintained  at  37°C  in  a 
5%  CO2  atmosphere.  The  MCEIOA  cells  were  cultured  in  Mammary  Epithelial  Basal  Medium 
supplemented  with  a  BulletKit  (Clonetics)  and  also  maintained  at  37°C  in  5%  C02.  Both  cell  lines  were 
prepared  for  the  experiment  by  putting  6  x  10^  cells  in  chambered  coverslips  and  allowing  them  30 
minutes  to  attach  to  the  surface.  The  cells  were  rinsed  once  with  PBS,  then  incubated  with  nanorod 
conjugates  for  1  hour  in  5%  CO2  at  37  C.  The  ESPR  peak  absorbance  of  the  nanorod  conjugate 
solutions  was  1.5.  After  the  incubation,  cells  were  rinsed  3x  with  lx  PBS  and  then  the  appropriate  cell 
media  was  added  prior  to  imaging.  The  cells  were  imaged  by  two  photon  microscopy  at  50X  with  780 


nm  illumination  and  400  -  700  nm  detection. 


The  KU7  cells  were  grown  in  MEM  medium  supplemented  with  10%  fetal  bovine  serum  and  1% 
penicillin- streptomycin  and  maintained  at  37C  in  a  5%  C02  atmosphere.  The  cell  line  was  prepared  for 
the  experiment  by  putting  4x10^  cells  on  cover  slips  and  allowing  them  24  hrs  to  attach  to  the  surface. 
Prior  to  the  treatment,  the  cell  media  was  changed  to  OptiMEM  (Roche  Biochemicals)  and  nanorod- 
C225  conjugates  were  added  for  4  hours.  After  4  hrs,  the  OptiMEM  media  was  changed  to  MEM 
medium  supplemented  with  10%  serum  and  incubated  in  5%  CO2  at  37C  atmosphere  for  another  20  hrs. 
Twenty-minutes  prior  to  fixation,  the  cells  were  rinsed  once  with  warm  PBS,  then  incubated  with  100 
nM  Alexa-488-wheat  germ  agglutinin  (WGA)  and  left  for  10  min  in  the  cell  incubator  for  WGA  cellular 
internalization.  After  10  min  the  cells  were  rinsed  three  times  with  warm  PBS,  fixed  in  1:1 
methanol: ethanol  at  20C  for  10  minutes,  then  washed  three  times  with  cold  PBS  and  mounted  on  slides 
using  Slow-Eade  Antifade.  All  reagents  were  purchased  from  Molecular  Probes.  Imaging  was  carried 
out  with  a  Eeica  SP5RS  AOBS  confocal  microscope  using  a  63x/1.4  objective.  Nanorods  were  detected 
with  633  nm  illumination  in  reflection  mode.  WGA-AP488  was  excited  at  488  nm  and  detected  at  495- 
530  nm. 

3.  Results 

Nanorod  Stability 

In  order  to  determine  the  critical  CTAB  concentration  required  for  nanorod  stability,  nanorod 
solutions  were  heated  to  melt  the  CTAB  crystals  and  provide  a  well-defined  initial  concentration  of  100 
mM.  Aliquots  of  nanorods  were  then  pelleted  by  sedimentation,  90%  of  the  clear  supernatant  was 
removed,  and  the  nanorod  pellets  were  resuspended  to  their  initial  volume  with  water.  In  this  way  the 
CTAB  concentration  was  reduced  by  a  factor  of  10  on  each  round  of  sedimentation.  Note  that  the 
quantity  of  CTAB  bound  to  the  nanorod  surfaces  is  a  negligible  fraction  of  this  initial  CTAB 


concentration.^  The  LSPR  peak  wavelength,  width,  and  height  were  recorded  after  each  round  of 
sedimentation  and  are  plotted  in  Figure  1.  There  was  essentially  no  nanorod  aggregation,  i.e.,  no  LSPR 
peak  height  reduction,  broadening,  or  red  shift,  until  the  third  round  of  sedimentation.  Therefore, 
nanorod  aggregation  is  expected  to  occur  somewhere  between  1  and  0.1  mM  CTAB. 

To  further  characterize  the  critical  CTAB  concentration,  the  LSPR  spectrum  of  a  nanorod  solution 
was  monitored  during  slow  dilution  with  water  (Figure  2).  As  expected,  the  LSPR  peak  absorbance 
decreased  as  the  nanorod  concentration  was  reduced.  However,  the  LSPR  peak  wavelength  and  width 
were  not  affected,  indicating  that  there  was  no  aggregation,  although  the  CTAB  concentration  was 
reduced  to  below  50  pM.  This  apparent  inconsistency  with  the  results  of  Figure  1  reveals  that  it  is  the 
ratio  of  CTAB  concentration  to  nanorod  concentration  that  determines  stability,  not  the  CTAB 
concentration  alone,  which  is  typical  for  surfactant-stabilized  colloids.  To  further  confirm  this  point, 
CTAB  was  removed  from  a  nanorod  solution  without  reducing  the  nanorod  concentration  by  extraction 
with  chloroform.  As  seen  in  Figure  3,  there  was  a  critical  CTAB  concentration  at  which  aggregation 
occurred.  Based  on  our  own  measurement  of  the  distribution  ratio  for  CTAB  between  water  and 
chloroform,  the  aggregation  occurred  between  370  pM  and  290  pM  CTAB.  Given  that  the  nanorod 
concentration  was  0.5  uM,  the  critical  CTAB/nanorod  concentration  ratio  was  approximately  740,000. 
Note  that  this  number  of  CTAB  molecules  per  nanorod  is  much  larger  than  the  amount  of  CTAB  needed 
to  simply  coat  the  nanorods  with  a  surfactant  bilayer  (see  footnote  above),  so  the  dynamic  interactions 
between  CTAB  in  solution  and  in  the  bilayer  must  be  important  for  nanorod  stability. 

Nanorods  were  stabilized  by  displacement  of  the  CTAB  with  a  thiol-terminal  polyethylene  glycol 
(mPEG-SH),  and  by  wrapping  the  CTAB  bilayer  with  polystyrene  sulfonate  (PSS).  The  LSPR  peak 

^  Consider  the  typical  conditions  of  a  nanorod  solution  with  1  =  5nm  d  =  15  nm  nanorods  at  LSPR  peak 
abosrbance  of  1,  which  corresponds  to  a  nanorod  concentration  of  0.2  nM.  The  nanorod  surface  area 
would  be  3063  nm2.  The  CTAB  bilayer  packing  area  is  22  A2.  Therefore,  each  nanorod  would  contain 
14,000  CTAB  molecules  on  its  surface,  taking  up  only  2.8  mM  of  the  CTAB  concentration. 


wavelength,  width,  and  height  after  successive  rounds  of  sedimentation  are  displayed  in  Figure  1  to 
probe  the  effectiveness  of  these  stabilizers.  While  the  unstabilized  nanorods  aggregated  after  the  third 
round  of  sedimentation  as  described  above,  both  PEGylation  and  polyelectrolyte  stabilization  were 
effective.  However,  PEGylation  maintained  a  narrower  ESPR  peak,  indicating  a  reduced  degree  of 
aggregation  relative  to  polyelectrolyte  stabilization. 

Nanorod  Bioconjugation 

To  form  stable  nanorod  bioconjugates,  a  heterobifunctional  polyethylene  glycol  with  thiol  and 
carboxyl  end  groups  (HOOC-PEG-SH)  was  applied.  Nanorod  stabilization  with  HOOC-PEG-SH 
yielded  identical  results  to  mPEG-SH  in  Eigure  1.  The  carboxy-terminal  nanorods  were  conjugated  to 
antibodies  using  the  zero-length  crosslinker  EDC  stabilized  by  NHS.[38]  Standard  procedures  for  EDC 
protein  crosslinking  were  followed,[39]  with  the  following  modifications  for  the  unique  properties  of 
the  carboxy-terminal  nanorods.  Eirst,  since  the  functionalized  nanorod  surfaces  contain  no  amines,  there 
is  no  chance  of  nanorod  aggregation  due  to  amide  bond  formation  between  nanorods,  which  minimizes 
the  criticality  of  the  initial  EDC  exposure.  Second,  to  avoid  the  need  for  buffer  exchange  or 
sedimentation,  the  change  in  pH  from  6.1  for  activation  to  7.1  for  conjugation  was  accomplished  by 
diluting  the  nanorods  into  a  larger  volume  of  antibody  solution.  Einally,  sedimentation  was  performed 
(rather  than  buffer  exchange)  to  remove  excess  reactants  and  products  from  the  nanorod  solution. 

As  a  means  to  confirm  the  altered  nanorod  surface  chemistry  at  various  stages,  zeta  potential 
measurements  (Malvern  Zetasizer  Nano)  were  performed  on  gold  nanorods  in  the  original  CTAB,  after 
stabilization  with  HOOC-PEG-SH,  and  finally  after  Ab  conjugation.  The  results,  presented  in  Table  1, 
are  consistent  with  the  cationic,  anionic,  and  zwitterionic  surface  charges,  respectively,  associated  with 
these  three  states  of  nanorods. 

To  characterize  the  final  product,  nanorods  were  conjugated  to  AE-Ab  for  fluorimetric  analysis.  After 
the  steps  described  above,  the  nanorod  conjugates  were  put  through  successive  rounds  of  sedimentation. 


90%  decantation,  and  resuspension  in  buffer  to  dilute  the  unbound  AF-Ab  by  factors  of  ten. 
Fluorimetry  of  unbound  AF-Ab  in  the  decants,  shown  in  Figure  4,  serves  as  a  standard  curve  and 
reaches  the  background  fluorescence  noise  floor  by  the  round  at  an  AF-Ab  concentration  of  0. 1  uM. 
Fluorimetry  of  the  nanorod  conjugates  solution  indicated  a  nanorod  bound  AF-Ab  concentration  of  1 
uM,  which  yields  approximately  two  antibodies  per  nanorod  given  a  nanorod  concentration  of  0.5  nM 
based  on  the  LSPR  extinction  peak.[17] 

To  further  characterize  the  nanorod  conjugates,  a  nanoparticle  ELISA  was  performed. [40]  This 
method  is  similar  to  a  traditional  ELISA  except  that  the  immunosorbent  surface  is  that  of  the 
nanoparticles  in  solution.  The  nanoparticle  ELISA  yielded  2.28  +!-  0.05  antibodies  per  nanorod,  in 
reasonable  agreement  with  the  fluorimetry  results.  A  simultaneous  ELISA  on  nanorods  prepared  with 
mPEG-SH,  and  therefore  no  capture  antibodies,  yielded  0.68  +!-  0.2  antibodies  per  nanorod.  This  signal 
may  be  an  artifact  due  to  chemisorption  of  the  label  antibody  to  available  gold  surface  on  the  nanorods. 

Nanorod  Targeting  and  Imaging 

Nanorod  conjugate  targeting  was  tested  with  two  in  vitro  systems.  Eirst,  nanorods  were  conjugated  to 
anti-HER2  and  also  to  rabbit  IgG  as  a  control.  Each  conjugate  was  incubated  with  both  the  HER2- 
overexpressing  epithelial  breast  cancer  cell  line  SK-BR-3  and  the  normal  mammary  epithelial  cell  line 
MCEIOA  for  30  minutes  simultaneously  and  under  identical  conditions.  The  cells  were  washed  and 
immediately  imaged  live  by  two  photon  luminescence,  which  highlights  the  presence  of  gold 
particles, [18]  as  well  as  phase  contrast  to  show  the  cell  locations.  Eigure  5  demonstrates  that  only  the 
specific  antibody/cell  produced  a  significant  level  of  nanorod  binding  to  the  cells.  Eigure  6  displays 
dark  field  images  of  targeted  and  control  cells  from  the  same  sample.  The  nanorods  were  not  visible. 
To  gauge  their  visibility  in  dark  field  microscopy,  isolated  nanorods  were  deposited  on  glass  substrates 
near  alignment  marks  and  easily  visible  spherical  gold  nanoparticles  so  that  optical  microscopy  and 


AFM  could  be  performed  on  the  same  area  (see  Figure  7).  The  nanorod  was  not  detectable  on  both 
high-sensitivity  monochrome  and  color  CCD  cameras. 

The  conjugation  method  was  also  tested  with  C225  antibodies  and  human  IgG  antibodies  as  a  control. 
In  this  case,  the  nanorod  conjugates  were  incubated  with  the  KU7  bladder  cancer  cell  line,  which 
overexpresses  the  receptor  bound  by  C225i.  The  nanorods  were  imaged  by  confocal  reflectance  and  the 
cells  were  visualized  with  a  fluorescent  WGA  label.  The  C225  conjugates  were  more  strongly 
associated  with  KU7  cells  than  the  control  IgG  conjugates,  as  seen  in  Figure  8. 


4.  Discussion 

It  is  well  known  that  the  CTAB  surfactant  responsible  for  gold  nanorod  synthesis  is  also  required  to 
maintain  colloidal  stability.  However,  the  CTAB  concentration  at  which  colloidal  stability  is  lost  has 
not  been  well  characterized.  This  is  due  to  several  factors.  First,  to  reduce  the  CTAB  concentration  in  a 
nanorod  solution,  it  is  often  removed  by  sedimentation  of  the  nanorods  into  a  pellet,  decantation  of  the 
CTAB  solution,  and  resuspension  of  the  nanorod  pellet  in  water.  If  this  procedure  is  not  performed 
analytically,  the  CTAB  concentration  is  reduced  by  an  unknown  amount.  Second,  nanorod  synthesis  is 
carried  out  at  100  mM  CTAB,  which  is  above  the  saturation  concentration  at  room  temperature.  Upon 
storage,  some  of  the  CTAB  crystallizes,  leaving  an  unknown  concentration  in  the  nanorod  solution 
drawn  from  the  solution  phase.  Finally,  attempts  at  spectroscopic  or  other  analyses  of  the  CTAB 
concentration  are  hindered  by  micellization  and  association  with  gold  and  silver  ions  in  solution. 

That  the  nanorods  were  found  to  be  entirely  stable  to  a  CTAB  concentration  below  1  mM  may 
confound  the  development  of  methods  to  stabilize  nanorods,  since  the  CTAB  may  stabilize  the  nanorods 
when  it  is  thought  to  be  removed.  Nanorod  stabilization  outside  of  CTAB  solution  is  further 
complicated  by  several  factors.  First,  the  aggregation  occurs  quite  suddenly  when  the  CTAB 
concentration  falls  below  the  critical  value,  as  seen  in  Figure  3.  Second,  the  fact  that  it  is  the  ratio  of 


CTAB  to  nanorod  concentrations  that  determine  stability,  rather  than  the  CTAB  concentration  alone, 
means  that  the  critical  CTAB  concentration  for  a  given  sample  will  depend  on  the  nanorod 
concentration.  Third,  since  CTAB  forms  a  bilayer  on  the  nanorod  surface,  it  is  likely  that  the  available 
nanorod  surface  area  is  critical  for  stability  rather  than  the  nanorod  concentration.  Therefore,  the  critical 
CTAB  concentration  for  a  given  sample  also  depends  on  nanorod  size.  This  significant  variability  of  the 
critical  CTAB  concentration  between  samples  may  in  part  account  for  reproducibility  issues  in 
stabilizing  gold  nanorods  and  forming  bioconjugates. 

We  previously  described  a  strategy  to  stabilize  gold  nanorods  with  a  thiol-terminal  polyethylene 
glycol  (mPEG-SH)  which  displaces  the  CTAB  bilayer  so  that  CTAB  can  be  reduced  to  an  arbitrarily 
low  concentration  and  the  nanorods  remain  in  solution.[17]  Nanorods  can  also  be  stabilized  by 
wrapping  them  with  anionic  polymers  which  are  attracted  to  the  cationic  CTAB  bilayer,  as  well  as  by 
forming  multiple  polyelectrolyte  layers. [26]  Figure  1  displays  a  comparison  of  the  effectiveness  of  these 
methods  for  stabilizing  nanorods.  Interestingly,  after  the  first  and  second  rounds  of  sedimentation,  the 
sample  with  no  stabilizing  treatment  maintained  the  best  spectrum,  although  aggregation  occurred 
rapidly  thereafter.  The  data  demonstrate  that  upon  removal  of  CTAB,  PEGylation  via  the  thiol-gold 
bond  results  in  higher  yields  and  a  narrower  ESPR  linewidth  than  electrostatic  stabilization.  This 
spectroscopic  result  is  in  agreement  with  previously  reported  microscopic  characterizations  of  nanorod 
substrates.  PEGylated  nanorod  solutions  yield  highly  monodisperse  nanorods  when  deposited  on  glass 
substrates, [17]  while  electrostatic  wrapping  leads  to  aggregated  nanorods. [26] 

Most  gold  nanorod  targeting  experiments  to  date  have  been  carried  out  by  stabilizing  the  CTAB- 
capped  gold  nanorods  with  poly  electrolytes,  then  non-covalently  binding  antibodies  or  other  targeting 
agents  to  the  nanoparticles  by  simply  mixing  them  together.[12,  29,  31-33,  35,  36]  This  is  similar  to  the 
original  strategies  developed  to  bind  antibodies  to  citrate  capped  gold  nanoparticles  for  immunoelectron 
microscopy.  [41]  The  binding  is  likely  due  to  weak  electrostatic  and  hydrophobic  interactions  between 


the  nanoparticles  and  antibodies.  To  create  more  stable  nanorod  bioconjugates,  the  strategy  described 
here  relies  on  an  amide  bond  between  the  linker  and  antibody,  and  a  strong  gold-thiol  bond[42]  between 
the  linker  and  nanorod.  In  some  cases  polyelectrolytes  with  exposed  carboxyl  groups  for  amide  bond 
formation  with  antibodies  have  been  employed.  [30,  37]  In  one  case  an  alkanethiol  was  used  in  a  similar 
manner  to  the  bifunctional  PEG  describe  here.  [43]  While  alkanethiols  are  more  readily  available,  their 
low  solubility  in  aqueous  solutions  required  hours  of  sonication  at  elevated  temperature  to  achieve 
sufficient  concentration  to  displace  the  CTAB  bilayer.  Although  more  complicated,  conjugates  based 
on  gold-thiol  and  covalent  bonds  will  likely  be  more  stable  for  in  vivo  applications.  Furthermore,  we 
have  found  the  methods  described  here  to  be  quite  reproducible  despite  the  strength  of  the  original  gold- 
CTAB  interaction.  [12]  Tests  of  the  nanorod  zeta  potential  follow  the  intended  surface  chemistry,  with  a 
negative  potential  for  carboxy-terminated  nanorods,  and  a  near  neutral  potential  for  the  zwitterionic 
protein  conjugates.  The  fluorimetric  assay  yields  approximately  two  antibodies  per  nanorod,  and  the 
ELISA  assay  demonstrates  that  a  large  fraction  of  these  antibodies  are  active.  Finally,  figures  5  and  8 
demonstrate  successful  targeting  in  two  cell  types  with  different  antibodies. 

We  have  also  investigated  the  effectiveness  of  different  imaging  modalities  to  visualize  nanorods  in 
and  around  cells.  As  described  previously,[18]  the  images  based  on  two  photon  luminescence  in  Figure 
5  clearly  reveal  nanorods  in  the  specific  sample.  Dark  field  microscopy  is  a  much  simpler  modality  that 
can  yield  striking  images  of  plasmon  resonant  nanoparticles.  [44]  However,  the  optical  scattering  which 
provides  dark  field  contrast  is  a  strong  function  of  nanoparticle  size.  Furthermore,  the  size  range  at 
which  nanoparticles  become  visible  by  dark  field  is  10’ s  of  nanometers,  similar  to  the  range  of 
nanoparticles  that  have  been  pursued  for  biomedical  applications.  Issues  of  visibility  are  also  sensitive 
to  the  illumination  and  imaging  numerical  apertures,  spectral  range,  nanoparticle  aggregation,  and 
background  scattering  from  cells.  Therefore,  one  must  be  cautious  when  interpreting  nanoparticle 
targeting  results  by  dark  field  microscopy.  For  example,  the  dark  field  images  from  Figure  6  reveal  no 


evidence  of  scattering  by  the  nanorods,  even  though  the  two-photon  images  from  Figure  5  confirm  the 


presence  of  nanorods  in  the  same  sample.  In  this  case  the  single  nanorods  do  not  scatter  sufficiently  to 
be  visible  against  the  scattering  from  cells.  To  further  confirm  this  point,  dark  field  images  of  a  single 
nanorod  on  a  glass  substrate  are  displayed  in  Figure  7.  Although  the  location  of  a  single  gold  nanorod 
relative  to  a  larger  spherical  particle  and  alignment  marks  was  confirmed  by  atomic  force  microscopy, 
the  nanorod  was  not  visible  in  the  dark  field  images  taken  with  either  a  color  CCD  camera  or  a  back- 
illuminated  electron  multiplying  CCD  camera.  If  the  single  nanorods  are  not  visible  in  dark  field 
microscopy  on  a  flat  glass  substrate,  it  is  not  surprising  that  can  be  invisible  in  the  higher  background 
dark  field  images  of  cells  in  Figure  6.  These  results  suggest  that  the  successful  targeting  results  of 
Rgnre  5,  detected  by  two  photon  luminescence,  must  represent  individual  or  var  small  clusters  o| 


nanorods  not  detectable  by  dark  field  microscopy.|  There  are  many  methods  to  increase  the  nanorod 
imaging  signal  and  contrast  without  resorting  to  two-photon  luminescence,  such  as  spectrally  filtering 
the  scattered  light,  exciting  with  monochromatic  illumination  at  the  plasmon  resonant  wavelength,  and 
using  a  higher  numerical  aperture  condensers  and  objectives.  Figure  8  reveals  that  confocal  reflectance 
microscopy,  with  monochromatic  illumination  at  the  LSPR  wavelength  and  reduced  background  signal, 
is  sufficient  to  detect  targeted  nanorods  in  KU7  cells.  An  important  future  study  will  be  to 


quantitatively  compare  two  photon  and  confocal  reflectance  nanorod  contrast  in  identical  cell  samples 


5.  Conclusions 

To  maintain  colloidal  stability,  it  is  the  ratio  of  CTAB  to  nanorod  concentration  that  must  be 
maintained.  Here,  the  critical  CTABmanorod  ratio  was  found  to  be  approximately  740,000:1.  The 
CTAB  layer  can  be  displaced  by  thiol  terminal  PEG,  or  wrapped  by  poly  electrolytes.  However,  gold- 
thiol  PEGylation  results  in  higher  yields  and  more  monodisperse  nanorod  samples  when  the  CTAB  is 
removed.  A  bifuncitonal  PEG  with  thiol  and  carboxyl  end  groups  results  in  carboxy-terminal 


PEGylated  nanorods  which  can  be  conjugated  to  antibodies  via  a  carbodiimide  linking  agent. 
Fluorimetry  and  ELISA  assays  reveal  approximately  two  antibodies  per  nanorod.  The  nanorod 
conjugates  demonstrated  specific  targeting  in  two  different  antibody/cell  systems.  Two  photon 
luminescence  and  confocal  reflectance  microscopies  successfully  imaged  the  nanorods  in  cells. 
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Figure  1.  The  evolution  of  the  plasmon  resonant  peak  of  nanorod  solutions  after  reduction  of  the 
CTAB  concentration  by  sedimentation.  The  absorbance  peak  height  (A),  peak  wavelength  (B),  and 
peak  width  (C)  for  CTAB  stabilized  gold  nanorods  (■),  anionic  polymer  stabilized  gold  nanorods  (A), 


and  PEGylated  nanorods  (•). 


A 


C 


100 

1 

- ^ - 

m) 

CO 

o 

- 

—  80 

- 

i  70 

§ 

^  60 

50 

_ 1 _ 

_ 1 _ 

1.5  1  0.5  0 


[CTAB]  (mM) 

Figure  2.  The  evolution  of  the  plasmon  resonant  peak  height  (A),  wavelength  (B),  and  width  (C)  of  a 
nanorod  solution  during  dilution  with  water  (all  graphs  display  individual  data  points). 
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Figure  3.  The  plasmon  resonant  extinction  spectra  of  nanorod  solutions  at  two  CTAB  concentrations 
achieved  by  chloroform  extraction.  The  nanorod  concentration  was  0.5  nM. 
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Figure  4.  Fluorimetric  analysis  of  gold  nanorod  conjugates.  The  dashed  curves  display  the  signal 
from  free  labeled  antibodies  in  solution  at  the  stated  concentrations.  The  solid  curve  displays  the  signal 
from  nanorod  conjugates. 
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Figure  5.  Nanorod  conjugate  targeting.  Phase  contrast  shows  the  cell  locations  in  grayscale,  and  two 
photon  luminescence  is  displayed  in  red.  Binding  was  only  observed  for  the  Anti-HER2  conjugates  and 


SKBR3  cells. 
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Figure  6.  Dark  field  microscopy  images  of  the  same  samples  as  in  Figure  5. 


Figure  7.  Dark  field  microscopy  images  of  a  single  gold  nanorod  on  glass.  The  first  AFM  image  (A) 
shows  a  region  near  alignment  marks  that  are  also  visible  in  the  optical  images  (C  and  D).  A  zoomed 
AFM  image  (B)  reveals  a  large  nanosphere  in  the  upper  right  (triangular  shape  is  a  tip  artifact)  and  a 
nanorod  in  the  lower  left.  The  nanorod  is  clearly  revealed  in  the  inset.  Its  size  is  exaggerated  by  the  tip. 
The  true  size  is  approximately  50  nm  length  and  15  nm  width.  Dark  field  images  captured  with  a  high 
sensitivity  CCD  (C)  and  color  CCD  (D)  clearly  show  the  nanosphere,  but  show  no  sign  of  the  nanorod 
in  the  expected  region,  even  with  significant  contrast  enhancement.  The  inset  boxes  in  A,  C,  and  D  are 
all  shown  at  the  same  size  and  position. 


C225 


Figure  8.  In  vitro  nanorod  imaging  by  confocal  reflectance.  WGA-AF488  fluorescence  shows  the 
cell  location  in  green,  and  confocal  reflectance  at  633  nm  is  shown  in  red.  Nanorod  binding  is  only 
observed  for  the  specific  C225  conjugates  and  KU7  cells. 


TABLES. 


Nanoparticle 

ZP  (mV) 

NR-CTAB 

+83 

NR-S-PEG-COOH 

-19 

NR-S-PEG-Ab 

-6 

Table  1.  Zeta  Potential  measurements  to  confirm  surface  chemistry  modification. 
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Abstract 

We  demonstrate  the  capability  of  using  immunotargeted  gold  nanoshells  as  contrast  agents  for 
in  vitro  two-photon  microscopy.  The  two-photon  luminescence  properties  of  different-sized 
gold  nanoshells  are  first  validated  using  near-infrared  excitation  at  780  nm.  The  utility  of 
two-photon  microscopy  as  a  tool  for  imaging  live  HER2-overexpressing  breast  cancer  cells 
labeled  with  anti-HER2-conjugated  nanoshells  is  then  explored  and  imaging  results  are 
compared  to  normal  breast  cells.  Five  different  imaging  channels  are  simultaneously  examined 
within  the  emission  wavelength  range  of  45 1-644  nm.  Our  results  indicate  that  under 
near-infrared  excitation,  superior  contrast  of  SK-BR-3  cancer  cells  labeled  with 
immunotargeted  nanoshells  occurs  at  an  emission  wavelength  ranging  from  590  to  644  nm. 
Luminescence  from  labeled  normal  breast  cells  and  autofluorescence  from  unlabeled  cancer  and 
normal  cells  remain  imperceptible  under  the  same  conditions. 

(Some  hgures  in  this  article  are  in  colour  only  in  the  electronic  version) 


1.  Introduction 

Accurate  cancer  diagnosis  through  its  multi-stage  progression 
is  critical  for  developing  effective  and  selective  cancer 
treatments.  In  order  to  provide  clinicians  with  functional 
diagnostic  results,  knowledge  of  the  molecular  signatures  of 
carcinogenesis  is  necessary.  Due  to  their  overexpression 
during  the  development  of  cancer,  several  biomarkers  have 
been  identihed  as  a  biological  means  of  characterizing  these 
signatures  [1].  Although  the  acquisition  of  molecular- 
specihc  data  is  typically  associated  with  gene  arrays  and 
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proteomics  [2],  there  is  an  opportunity  to  use  such  biomarkers 
as  tools  for  both  in  vitro  and  in  vivo  diagnostic  evaluations  of 
tissue  specimens,  such  as  during  surgery,  in  order  to  identify 
malignant  cells  among  heterogeneous  tissue. 

Silica-based  gold  nanoshells,  which  are  advantageous  for 
several  biological  applications  due  to  their  unique  optical 
tunability  and  potential  as  multi-modal  agents,  have  previously 
demonstrated  enhanced  diagnostic  imaging  potential  of 
carcinogenesis  at  the  microscopic  scale  through  the  use  of 
extracellular  biomarkers  [3-6].  By  manipulation  of  the  size 
of  their  silica  cores  and  gold  outer  shells,  nanoshells  can  be 
optically  tuned  to  absorb  or  scatter  light  from  wavelengths 
ranging  from  the  visible  to  the  near-infrared,  allowing  for 
both  imaging  and  therapy  applications  [7] .  Achieving  optimal 
contrast  of  gold  nanoshells  for  biological  diagnostics  includes 
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a  combination  of  developing  nanoshells  that  are  tuned  to  scatter 
or  absorb  light  in  the  near-infrared  (NIR),  where  biological 
chromophores  absorb  minimal  light,  and  the  use  of  NIR-based 
imaging  systems. 

Although  several  optical  devices  have  been  used  to 
validate  applications  of  gold  nanoshells  as  viable  contrast 
agents  [3-15],  none  have  focused  on  evaluating  the 
effectiveness  of  using  immunotargeted  nanoshells  as  contrast 
agents  for  cell  surface  biomarkers  using  nonlinear  excitation 
microscopy.  Nonlinear  optics  has  been  used  extensively 
for  analyzing  fluorescent  signals  in  animal  models  and 
tissue  samples  [16-20].  By  using  a  femtosecond  pulsed 
laser,  two  photons  can  be  used  simultaneously  to  excite 
tissue  molecules  similar  to  the  excitation  generated  by 
a  single  photon,  but  with  twice  the  energy.  Only  the 
molecules  at  the  focus  of  the  femtosecond  laser  will  be 
excited,  resulting  in  greater  resolution  than  that  achievable 
with  single-photon  systems,  such  as  conventional  confocal 
microscopy.  Additionally,  unlike  conventional  confocal 
microscopy,  a  pinhole  is  not  required  to  reject  out-of-focus 
light  and  the  inherent  excitation  at  only  the  focal  plane 
means  that  biological  tissue  undergoes  less  photodamage  [20]. 
Although  multi-photon  microscopy  has  frequently  been  used 
for  enhancing  fluorescent  signals  [16,  20],  studies  have 
demonstrated  that  metal  particles  display  photoluminescence 
as  a  result  of  excitation  by  such  multi-photon  systems  [21,  22]. 
This  photoluminescence  is  induced  by  a  significant  field 
enhancement  that  occurs  upon  multi-photon  excitation  of  the 
metallic  molecules  [21].  Thus  far  in  the  literature,  metallic 
nanoparticles  analyzed  for  two-photon  imaging  potential  have 
included  gold  colloid  spheres  [23,  24],  gold  nanorods  [25-29], 
and  gold  nanoshells  [14].  A  recent  publication  on  the 
use  of  two-photon  microscopy  for  evaluating  nanoshell 
contrast  focused  on  potential  dual  imaging  and  therapy 
applications  where  unlabeled  nanoshells  were  delivered  to 
murine  tumors  through  extravasations  due  to  the  presence  of 
leaky  vasculature  [14].  However,  since  nanoshell  dimensions 
are  fundamentally  variable  [7],  it  is  important  to  further 
elucidate  and  confirm  the  two-photon  properties  of  these  highly 
tunable  nanoparticles  despite  differences  in  size.  Furthermore, 
since  cancer  undergoes  a  multi-stage  progression,  the  ability 
to  track  molecular  signatures  through  the  overexpression  of 
biomarkers  is  crucial  in  obtaining  functional  and  accurate 
diagnostic  results.  Therefore,  the  goal  of  our  study  was 
to  demonstrate  the  nonlinear  properties  of  very  different¬ 
sized  nanoshells  and  validate  the  proof  of  concept  that 
immunotargeted  nanoshells  can  be  used  to  enhance  the 
contrast  of  malignant  human  cells  in  vitro  through  nonlinear 
excitation  prior  to  our  evaluation  of  this  system  in  excised 
tissue  specimens.  Additionally,  through  the  use  of  two- 
photon  excitation  and  multi- spectral  imaging,  the  simultaneous 
acquisition  of  images  at  different  emission  wavelengths  was 
obtained  to  ascertain  the  optimal  imaging  parameters  for  this 
system. 

We  demonstrate  the  two-photon  luminescence  properties 
of  two  different  sizes  of  gold  nanoshell  designed  with  a 
similar  plasmon  resonance  in  the  near-infrared.  We  evaluate 
the  enhanced  contrast  by  comparing  HER2-overexpressing 
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Figure  1.  Schematic  of  Zeiss  LSM  510  META  multi-photon  system 
configuration. 


breast  cancer  cells  to  normal  breast  cells  with  and  without 
targeted  anti-HER2-bioconjugated  gold  nanoshells  at  five 
different  emission  wavelength  ranges:  451^83,  483-515, 
515-547,  558-579,  and  590-644  nm.  By  evaluating  imaging 
results  under  different  ranges,  we  explore  the  broad  emission 
properties  of  silica-based  gold  nanoshells  under  two-photon 
induced  luminescence.  The  anti-HER2  antibody  was  selected 
as  a  model  for  surface  tumor  targeting  due  to  the  association 
of  HER2-overexpression  with  more  aggressive  breast  cancers 
seen  in  15-25%  of  all  breast  cancer  cases  [30].  Additionally, 
studies  in  our  laboratory  have  previously  demonstrated 
the  effectiveness  of  using  immunotargeted  nanoshells  as 
diagnostic  imaging  agents  for  HER2-overexpressing  cancer 
cells  [3,  5,  6, 13].  We  show  that  for  immunotargeted  nanoshells 
with  a  silica  core  diameter  of  254  nm  and  a  gold  shell 
thickness  of  19  nm  imaged  with  our  specific  system,  the 
optimal  emission  wavelength  for  observing  enhanced  contrast 
of  HER2-overexpressing  breast  cancer  cells  occurs  between 
590  and  644  nm  at  10%  of  maximum  excitation  power.  Under 
similar  conditions,  normal  breast  cells  are  not  detectable. 

2.  Method 

2.1.  Multi-photon  imaging  system 

A  Zeiss  laser  scanning  microscope  (LSM)  510  META  multi¬ 
photon  system  was  used  in  conjunction  with  a  Coherent 
Chameleon  femtosecond  mode-locked  Ti:  sapphire  laser  to 
collect  two-photon  data  (figure  1).  The  wavelength  of  the 
polarized  output  laser  beam  was  tunable  between  720  and 
950  nm  with  pulse  width  of  140  fs  at  a  repetition  rate  of 
90  MHz.  A  short-pass  dichroic  mirror  (KP700/488,  Zeiss) 
was  used  to  reflect  the  incident  NIR  excitation  light  onto  the 
sample  through  a  20x  or  63  x  objective  and  to  collect  the  two- 
photon-induced  luminescence  data.  To  further  eliminate  the 
background  signal  of  the  excitation  light,  a  wave  plate  and 
an  IR-blocking  filter  (BG39,  Zeiss)  were  placed  in  front  of 
the  META  detector.  The  Zeiss  LSM  META  system  allowed 
simultaneous  multi-spectral  imaging  and  recording  of  up  to 
eight  emission  channels.  The  maximum  output  power  of 
the  Chameleon  femtosecond  laser  was  around  1640  mW  for 
excitation  at  780  nm.  Based  on  data  from  the  manufacturer, 
less  than  10%  of  this  power  was  incident  on  the  sample.  The 
excitation  wavelength  of  780  nm  was  chosen  as  it  was  within 
10  nm  of  the  extinction  peak  for  both  nanoshell  sizes. 
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2.2.  Nanoshell  fabrication 

Nanoshells  were  developed  as  described  in  previous  publica¬ 
tions  [3-5].  First,  the  Stober  method  was  used  to  create  silica 
cores  by  reducing  tetraethyl  orthosilicate  (Sigma  Aldrich)  in 
ammonium  hydroxide  and  pure  ethanol  [31].  Aminopropy- 
Itriethoxysilane  (APTES)  was  then  added  in  order  to  termi¬ 
nate  the  silica  core  surfaces  with  amine  groups,  which  formed 
functionalized  particles.  The  two  different-sized  groups  of  sil¬ 
ica  particles  were  measured  by  scanning  electron  microscopy 
(SEM)  to  obtain  the  average  silica  core  diameters  of  130  and 
254  nm.  The  gold  shell  overlay  on  the  silica  cores  was  also 
created  using  previously  described  methods  [3-5].  Eirst,  us¬ 
ing  procedures  outlined  by  Duff  et  al  [32],  gold  colloid  of  1- 
3  nm  in  diameter  was  developed  and  then  aged  under  refrig¬ 
eration  for  two  weeks.  The  colloid  was  then  concentrated  us¬ 
ing  a  Rotovap  and  added  to  the  functionalized  silica  particles 
mentioned  above.  By  interacting  with  the  functionalized  amine 
group  surfaces  of  the  silica  particles,  the  gold  colloid  was  ad¬ 
sorbed,  forming  surfaces  with  partial  gold  coverage.  Addi¬ 
tion  of  more  gold  completed  the  formation  of  the  shell  through 
catalysis  of  formaldehyde  with  hydrogen  tetrachloroaurate  tri¬ 
hydrate  (FtAuCl43Ft20)  and  potassium  carbonate.  Two  groups 
of  nanoshells  were  fabricated  and  both  were  spectrally  ana¬ 
lyzed  using  a  Varian  Cary  300  UV-vis  spectrophotometer  (fig¬ 
ure  2).  The  final  sizes  of  the  nanoshells  were  determined  using 
SEM  imaging  (figure  2,  inset)  and  confirmed  using  Mie  theory 
simulation  for  multi-layer  spheres.  The  smaller  nanoshells  had 
an  average  gold  shell  thickness  of  21  nm.  The  larger  nanoshells 
had  an  average  shell  thickness  of  19  nm.  The  nanoshells  were 
stored  in  deionized  water  at  4°C  until  further  use. 

2.3.  Nanoshell  surface  modification  and  bioconjugation 

For  live  cell  imaging,  the  larger  nanoshells  were  used  and  tar¬ 
geted  to  FIER2-overexpressing  cells  through  conjugations  with 
anti-FIER2  antibodies.  In  order  to  prepare  the  immunotar- 
geted  nanoshells,  a  heterobifunctionalized  polyethylene  gly¬ 
col  linker  (orthopyridyl-disulfide-PEG-N-hydroxysuccinimide 
ester,  OPSS-PEG-NHS,  MW  =  2  kD,  CreativeBiochem  Lab¬ 
oratories)  was  first  conjugated  to  anti-HER2  antibodies  (C- 
erbB-2/FIER-2/neu  Ab-4,  Lab  Vision  Corporation)  through 
amide  linkages  that  joined  the  amidohydroxysuccinimide 
group  (NHS)  of  the  PEG  linker  to  the  antibodies.  This  re¬ 
action  proceeded  at  a  3:1  molar  ratio  in  sodium  bicarbonate 
(100  mM,  pH  8.5)  on  ice  overnight.  Aliquots  of  the  ‘PE- 
Gylated’  antibodies,  at  a  concentration  of  0.4  mg  ml“*,  were 
stored  at  —  80°C  until  use.  Conjugation  of  the  nanoshells  to 
the  PEGylated  antibodies  was  then  carried  out  through  sulfur 
linkages  between  the  gold  nanoshell  surfaces  and  the  remain¬ 
ing  OPSS  group  of  the  heterobifunctional  PEG  linker.  This 
was  performed  by  incubating  the  nanoshells,  at  a  concentra¬ 
tion  of  1.6  X  10®  particles  mP*,  with  the  PEGylated  antibod¬ 
ies  for  1  h  under  refrigeration  (4°C).  In  order  to  block  va¬ 
cant  adsorption  sites,  the  nanoshells  were  further  incubated 
with  a  10  /zM  polyethylene  glycol-thiol  cocktail  (PEG-SH, 
MW  =  5kD,  Nektar)  for  two  additional  hours  under  refrigera¬ 
tion.  Unbound  antibodies  were  then  removed  by  centrifugation 
and  the  immunotargeted  nanoshells  were  then  resuspended  in 


Figure  2.  Measured  extinction  spectra  of  nanoshells,  (a)  Nanoshells 
of  average  core  diameter  130  nm  and  average  shell  thickness  of 
21  nm.  (b)  Nanoshells  of  average  core  diameter  254  nm  and  average 
shell  thickness  of  19  nm.  The  insets  depict  corresponding  images 
from  scanning  electron  microscopy.  Scale  bars  represent  450  nm. 


deionized  water.  Prior  to  incubation  with  cells,  the  immunotar¬ 
geted  nanoshell  solution  was  further  modified  by  the  addition 
of  bovine  serum  albumin  (BSA)  and  phosphate-buffered  saline 
(PBS)  to  a  final  concentration  of  1%  each. 

2.4.  Cell  preparation 

SK-BR-3  cells  (American  Type  Culture  Collection,  ATCC) 
were  grown  at  37  °C  in  a  5%  CO2  atmosphere  using  McCoy’s 
5  A  growth  medium  supplemented  with  1%  antibiotics  and  10% 
fetal  bovine  serum  (FBS).  MCFIOA  cells  (ATCC)  were  also 
grown  at  37  °C  in  a  5%  CO2  atmosphere  using  Mammary 
Epithelial  Basal  Medium  (MEBM)  supplemented  with  a 
BulletKit  (Clonetics)  and  1%  antibiotics.  Both  cell  lines  were 
grown  in  25  cm^  culture  flasks  until  confluent,  rinsed  once 
with  1  X  PBS,  and  incubated  with  trypsin-EDTA  for  5  min 
at  37  °C  in  a  5%  CO2  atmosphere.  The  trypsin-EDTA  was  then 
neutralized  with  the  appropriate  culture  medium  and  the  cells 
were  subsequently  counted  using  a  hemacytometer.  Eor  each 
cell  line,  an  estimated  6  x  10^  cells  were  placed  in  each  of 
two  15  ml  conical  tubes  and  then  centrifuged  at  115  x  g  for 
3  min.  One  cell  pellet  was  resuspended  in  the  immunotargeted 
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Figure  3.  Quadratic  dependence  of  luminescence  intensity  on 
excitation  power  at  780  nm  for  two  different-sized  nanoshells. 
Nanoshells  of  core  diameter  of  130  nm  and  shell  thickness  of  21  nm 
are  designated  as  NS  172.  Nanoshells  of  core  diameter  of  254  nm  and 
shell  thickness  of  19  nm  are  designated  as  NS292.  Data  were 
recorded  with  a  20x  objective. 


natioshell  solution  and  the  other  pellet  was  resuspended  in  an 
equal  volume  of  1  x  PBS.  The  cells  were  then  incubated  at 
37  °C  in  a  hybridization  chamber  (VWR  International)  and 
rotated  under  a  motor  speed  of  7  rpm  for  10  min.  Post 
incubation,  the  cells  were  centrifuged  at  1 15  x  g  for  3  min,  the 
supernatant  was  removed,  and  the  cells  were  rinsed  once  with 
1  X  PBS.  Following  rinsing,  the  cells  were  resuspended  in  10% 
glucose  in  1  X  PBS  in  order  to  maintain  cell  viability  during 
imaging.  The  cell  suspensions  were  then  placed  on  chambered 
coverglasses  (Fisher  Scientific)  prior  to  two-photon  imaging. 

3.  Results  and  discussion 

By  manipulation  of  the  core-to-shell  ratio,  nanoshells  can  be 
designed  to  strongly  absorb  or  scatter  light  upon  near-infrared 
excitation.  In  order  to  validate  the  two-photon  characteristics 
of  silica-based  gold  nanoshells,  we  designed  two  different  sizes 
of  nanoshell  with  a  similar  peak  surface  plasmon  resonance 
in  the  near-infrared.  After  fabrication  of  two  different-sized 
silica  cores,  their  average  diameters  were  confirmed  through 
scanning  electron  microscopy  (SEM)  as  130  and  254  nm.  Once 
the  gold  shell  was  added,  the  nanoshells  were  measured  by 
SEM  and  their  optical  properties  were  assessed  by  UV-vis 
spectroscopy.  The  smaller  nanoshells  had  an  average  diameter 
of  172  nm  and  a  peak  surface  plasmon  resonance  at  772  nm;  for 
the  larger  nanoshells,  the  average  diameter  was  292  nm,  with 
a  peak  surface  plasmon  resonance  occurring  at  778  nm  (both 
shown  in  figure  2).  The  two-photon  luminescence  properties  of 
the  gold  nanoshells  were  then  observed  using  a  Zeiss  LSM  510 
META  multi-photon  system  with  the  configuration  shown  in 
figure  1 .  The  two-photon  properties  were  verified  by  evaluating 
the  dependence  of  increasing  logarithmic  emission  intensity 
on  increasing  logarithmic  excitation  power.  Aliquots  of  both 
sizes  of  bare  nanoshell  suspended  in  deionized  water  were  well 
dispersed  with  sonication  and  separately  placed  on  chambered 
coverglasses  (Fisher  Scientific).  Data  were  recorded  at  an 
excitation  wavelength  of  780  nm,  which  corresponded  to  the 
peak  plasmon  resonance  of  the  nanoshells  for  both  sample 


sizes.  The  excitation  power  was  varied  from  2%  to  15%  of 
the  maximum  laser  power  with  a  detection  spectral  band  of 
494-634  nm.  By  using  the  image  processing  software  inherent 
in  the  LSM  510  META  system,  the  average  intensities  of 
the  nanoshell  suspensions  were  obtained.  The  dependence  of 
luminescence  intensity  on  excitation  power  at  780  nm  for  both 
smaller-  and  larger-sized  nanoshells  was  determined  (figure  3). 
The  slopes  of  the  fitted  linear  curves  are  estimated  as  2.02 
and  2.18  for  the  smaller  and  larger  nanoshells,  respectively, 
in  accordance  with  the  characteristic  two-photon-induced 
quadratic  dependence  of  emission  intensity  on  excitation 
power  [14,  16,  20].  Specifically,  Wang  et  al  demonstrated  that 
the  dependence  of  luminescence  intensity  on  excitation  power 
for  gold  nanorods  ranged  from  1.97  to  2.17  [27].  This  disparity 
was  attributed  to  possible  nanoparticle  melting  after  increasing 
the  power  on  the  nanorod  sample  and,  subsequently,  decreasing 
the  power  on  the  same  sample.  However,  in  our  study,  since  a 
difference  in  quadratic  dependence  exists  for  two  sizes  of  gold 
nanoshell  treated  under  the  same  conditions,  we  believe  that 
the  nanoshells  may  actually  undergo  photophysics  which  are 
not  yet  fully  elucidated. 

In  order  to  demonstrate  the  enhanced  two-photon  optical 
signatures  of  breast  cancer  cells  labeled  with  immunotargeted 
nanoshells,  the  HER2-overexpressing  epithelial  breast  cancer 
cell  line,  SK-BR-3,  was  analyzed  and  compared  to  the 
normal  breast  epithelial  cell  line,  MCFIOA,  which  does  not 
overexpress  HER2.  For  this  component  of  the  study,  the 
cells  were  incubated  with  the  larger  nanoshells  which  were 
conjugated  to  anti-HER2  antibodies.  Images  were  taken  of 
the  SK-BR-3  cancer  cells  under  three  conditions:  labeled 
with  nanoshells  at  10%  of  maximum  laser  power,  unlabeled 
at  10%  of  maximum  laser  power,  and  unlabeled  at  100% 
of  maximum  laser  power.  An  excitation  wavelength  of 
780  nm  was  used  for  all  images  and  five  different  emission 
wavelength  ranges  were  analyzed:  451^83,  483-515,  515- 
547,  558-579,  and  590-644  nm.  Additionally,  images  were 
taken  of  the  MCFIOA  normal  cells  under  the  same  labeling 
and  imaging  conditions.  As  shown  in  figure  4(a),  bright 
two-photon  luminescence  signals  from  nanoshells  targeted 
to  cell  surface  receptors  provided  clear  visualization  of  the 
SK-BR-3  cancer  cells  under  only  10%  of  maximum  laser 
power.  However,  under  the  same  power,  unlabeled  cancer 
cells  were  not  perceivable  (data  not  shown  due  to  lack  of 
detectable  signal).  By  increasing  the  laser  power  to  100%, 
the  spectral-resolved  two-photon-induced  autofluorescence  is 
evident  at  emission  wavelengths  ranging  from  45 1  to  547  nm 
(figure  4(b)).  However,  this  autofluorescence,  which  is  only 
visible  at  the  maximized  power,  cannot  be  discerned  beyond 
an  emission  wavelength  of  547  nm.  With  regard  to  the  normal 
MCFIOA  cells  labeled  with  immunotargeted  nanoshells  under 
10%  of  maximum  laser  power,  clear  visualization  of  the 
cells  is  not  possible  and  only  a  few  targeted  cell  surface 
receptors  can  be  distinguished  (figure  4(c)).  Due  to  the 
differences  in  HER2  cell  surface  receptor  expression,  which  is 
approximately  8  x  10^  receptors  per  SK-BR-3  cancer  cell  [33] 
and  about  1  x  10"^  receptors  per  normal  MCFIOA  cell  [34], 
the  contrast  was  dramatically  increased  in  the  cancer  cells 
due  to  the  overexpression  of  HER2.  Similar  to  the  unlabeled 
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Figure  4.  Two-photon  images  (pseudo  color)  of  live  SK-BR-3  cancer  cells  and  MCFIOA  normal  cells  in  suspension  taken  at  different 
emission  wavelengths,  (a)  Cancer  cells  labeled  with  larger  nanoshells  at  10%  of  maximum  excitation  power,  (b)  Unlabeled  cancer  cells  at 
100%  of  maximum  excitation  power,  (c)  Normal  cells  labeled  with  larger  nanoshells  at  10%  of  maximum  excitation  power,  (d)  Unlabeled 
normal  cells  at  100%  of  maximum  excitation  power.  Images  taken  at  63x .  The  scale  bar  represents  20  /xm. 


SK-BR-3  cancer  cells,  unlabeled  MCFIOA  cells  imaged  at 
10%  of  maximum  laser  power  were  not  detectable  (data  not 
shown  due  to  lack  of  detectable  signal).  Furthermore,  images 
collected  at  100%  of  maximum  laser  power  demonstrated 
that  the  MCFIOA  cells  exhibited  low  levels  of  two-photon- 
induced  autofluorescence  (figure  4(d)).  Wang  et  al  [27]  and 
Durr  et  al  [29]  have  previously  shown  two-photon  imaging 
results  using  gold  nanorods.  However,  the  images  collected 
were  taken  over  a  single  emission  wavelength  range  from 
400  nm  to  approximately  700  nm.  Based  on  spectral-resolved 
image  acquisition,  however,  the  unique  widely  spanning 
luminescence  properties  of  gold  nanoshells  demonstrate  great 
flexibility  in  selecting  the  emission  wavelengths  necessary 
to  minimize  the  influence  of  background  autofluorescence. 
Photobleaching  was  also  not  observed  under  the  two-photon- 
induced  nanoshell  luminescence.  Based  on  a  comparison 
of  live  cell  bright-field  images  observed  before  and  after 
laser  exposure,  morphological  changes  were  not  detected 
as  a  result  of  the  aforementioned  laser  conditions  and, 
in  particular,  all  cell  membranes  remained  visible  and 
intact. 


4.  Conclusion 

Two-photon  microscopy  is  a  powerful  tool  for  diagnostic 
research  applications.  With  advancements  in  gold-based 
contrast  agent  development  and  flexibility  in  two-photon 
excitation  wavelength  selection  readily  achieved  through 
tunable  laser  sources,  the  potential  to  use  multi-photon  imaging 
for  assessment  of  molecular  signatures  of  malignancy  is 
substantial.  In  this  study,  we  demonstrate  the  first  use  of 
immunotargeted  gold  nanoshells  as  in  vitro  contrast  agents 
for  biomarkers  of  disease  using  two-photon  microscopy.  We 
additionally  confirm  broad  luminescence  from  gold  nanoshells 
using  multi-spectral  images  to  visualize  the  optical  contrast 
provided  by  anti-HER2-nanoshells  targeted  to  live  HER2- 
overexpressing  breast  cancer  cells.  Our  study  identifies 
an  additional  application  of  immunotargeted  nanoshells  and 
suggests  their  potential  future  use  as  multi-functional  probes 
for  molecular  imaging. 
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Abstract  Biomedical  nanotechnology  offers  superior  po¬ 
tential  for  diagnostic  imaging  of  malignancy  at  the 
microscopic  level.  In  addition  to  current  research  focused 
on  dual-imaging  and  therapeutic  applications  in  vivo,  these 
novel  particles  may  also  prove  useful  for  obtaining 
immediate  diagnostic  results  in  vitro  at  the  patient  bedside. 
However,  translating  the  use  of  nanoparticles  for  cancer 
detection  to  point-of-care  applications  requires  that  con¬ 
ditions  be  optimized  such  that  minimal  time  is  needed  for 
diagnostic  results  to  become  available.  Thus  far,  no  reports 
have  been  published  on  minimizing  the  time  needed  to 
achieve  acceptable  optical  contrast  of  cancer  cells  incubated 
with  nanoparticles.  In  this  study,  we  demonstrate  the  use  of 
gold  nanoshells  targeted  to  anti-HER2  antibodies  that 
produce  sufficient  optical  contrast  with  HER2-overexpress- 
ing  SK-BR-3  breast  cancer  cells  in  only  5  min.  This  work 
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validates  the  proof  of  concept  that  nanoshells  targeted  to 
extracellular  biomarkers  can  be  used  to  enhance  cancer 
diagnostic  imaging  for  use  in  point-of-care  applications. 

Keywords  nanoshells  ■  point-of-care  diagnostics  ■  optical 
imaging  ■  cancer  diagnosis 


Introduction 

Several  nanoparticles  have  been  explored  for  potential 
applications  in  cancer  diagnosis,  including  nanoshells  [1- 
4],  gold  colloid  [5,  6],  quantum  dots  [7,  8],  carbon  dots  [9], 
nanorods  [10-12],  and  nanocrystals  [13].  For  in  vivo 
applications,  several  steps  will  need  to  be  taken  to  ensure 
the  safe  delivery  of  nanoparticles  before  they  can  be  used  in 
a  clinical  setting.  However,  several  opportunities  still  exist 
for  in  vitro  applications  in  which  the  cytotoxicity  of 
nanoparticles  is  immaterial.  Numerous  in  vitro  technologies 
that  have  shown  promise  for  point-of-care  diagnostic 
testing  may  allow  clinicians  to  provide  user-friendly,  cost- 
effective,  and  rapid  results  at  the  patient  bedside.  Currently, 
these  technologies  involve  analyzing  biological  fluids  to 
detect  DNA  or  protein  amplification  through  the  use  of 
microarrays  or  biochip  devices  [14-16].  In  addition  to 
fluid-based  modalities,  these  microscopic  advancements 
can  also  be  used  to  analyze  larger  biological  components, 
such  as  excised  tumor  specimens,  for  cancer  screening  and 
diagnosis.  One  particular  area  of  application  is  the 
diagnosis  of  cancer  from  biopsy  samples.  For  example, 
after  a  breast  biopsy,  the  specimen  is  sent  to  a  pathology 
laboratory  where  it  is  processed  and  examined  microscop¬ 
ically  for  morphological  abnormalities  and  sometimes 
analyzed  for  the  presence  of  molecular  biomarkers  of 
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disease,  such  as  hormone  receptor  expression  [17].  This 
process  can  take  up  to  several  days,  during  which  the 
patient  must  cope  with  the  fear  of  an  unknown  diagnosis 
and  the  potential  of  treatment  delay.  Mojica  et  al.  [18] 
showed  that  delays  between  initial  breast  cancer  symptoms 
and  treatment  are  associated  with  lower  survival  rates. 
Consequently,  delays  in  breast  cancer  diagnosis  top  the  list 
of  liability  claims  made  against  physicians  [19]. 

Another  area  of  opportunity  for  advancement  in  point- 
of-care  microscopic  analysis  of  tumor  specimens  involves 
the  assessment  of  intraoperative  tumor  margins.  During  a 
lumpectomy,  for  instance,  the  surgeon  removes  the 
suspected  cancerous  lesion  with  a  margin  of  normal  tissue. 
Judgment  of  the  width  of  this  margin  is  largely  based  on 
tactile  sensation  and  visible,  macroscopic  abnormalities.  In 
advanced  hospital  systems,  the  sample  is  excised  and 
immediately  subjected  to  pathologic  analysis  to  ensure  the 
surgical  margins  are  tumor-free  before  the  procedure  is 
completed.  The  need  to  achieve  negative  margins  is  critical 
in  minimizing  cancer  recurrence  and  progression,  particu¬ 
larly  for  patients  undergoing  breast  conservation  therapy 
[20].  The  presence  of  a  positive  surgical  margin  has  been 
associated  with  lower  rates  in  patient  survival  [18].  Due  to 
residual  cancer  cells  being  left  in  many  patients  that 
undergo  breast  conservation  therapy,  as  many  as  40%  of 
patients  have  experienced  local  breast  cancer  recurrence 
near  the  site  of  the  original  tumor  [21].  Positive  margins  in 
a  surgical  specimen,  therefore,  necessitate  the  resection  of 
additional  tissue  until  the  margins  do  not  contain  tumor. 
Even  if  the  specimens  are  examined  immediately,  this 
extends  the  period  of  anesthesia  and  hence  increases  both 
the  cost  and  risk  to  the  patient.  Furthermore,  many  county 
hospitals  must,  by  necessity,  process  tissue  samples  after 
the  surgery  is  completed.  In  that  case,  the  identification  of 
positive  surgical  margins  requires  that  the  patient  undergo 
another  surgical  procedure  to  excise  the  remaining  tissue, 
which  further  delays  the  start  of  adjuvant  treatment  and 
increases  the  risk  of  cancer  recurrence  and  subsequent 
patient  mortality. 

With  the  expansion  of  nanotechnology-driven  research, 
opportunities  for  the  use  of  fast  and  accurate  diagnostic 
tests  outside  of  the  hospital  laboratory  are  likely  to  increase. 
To  realistically  use  nanoparticles  as  a  point-of-care  tool  for 
the  immediate  assessment  of  key  cancer  gene  signatures  in 
excised  tissue  samples,  the  time  needed  to  achieve  optical 
contrast  must  be  minimized.  Thus  far,  few  published  reports 
have  focused  on  minimizing  the  time  needed  to  achieve 
suitable  contrast  of  cancer  cells  incubated  with  nano¬ 
particles.  Previous  studies  demonstrating  the  effectiveness 
of  using  gold-based  nanoparticles  targeted  to  extracellular 
cancer  biomarkers  have  involved  incubation  times  ranging 
from  30  to  90  min  [1,  3,  5,  6,  10-12].  The  objective  of  this 
study  was  to  demonstrate  the  feasibility  of  using  gold 


nanoshells  targeted  to  anti-FIER2  antibodies  to  achieve 
sufficient  optical  contrast  in  a  HER2-overexpressing  breast 
cancer  cell  line  (SK-BR-3)  after  a  series  of  incubation 
times.  Overexpression  of  the  HER2  receptor  is  associated 
with  greater  cancer  progression  and  is  seen  in  approximate¬ 
ly  15-25%  of  all  breast  cancer  cases  [17].  The  nanoshells, 
made  of  dielectric  silica  particles  covered  with  a  thin  gold 
shell,  were  fabricated  to  scatter  strongly  in  the  near-infrared 
spectrum  through  manipulation  of  the  silica  core/gold  shell 
ratio.  We  compared  the  contrast  that  could  be  achieved  by 
incubating  the  nanoshells  with  both  nonual  and  cancerous 
cells.  Our  results  demonstrate  that  gold  nanoshells  targeted 
to  this  cell-surface  marker  can  produce  enhanced  contrast 
after  only  5  min  of  incubation.  This  proof  of  concept 
supports  the  initial  feasibility  of  using  gold  nanoshells  for 
potential  point-of-care  diagnostic  applications. 

Materials  and  Methods 

Nanoshell  Fabrication 

Nanoshells  were  developed  and  bioconjugated  by  using 
previously  reported  procedures  [22].  First,  silica  cores  were 
prepared  with  the  Stober  method  [23],  in  which  tetraethyl 
orthosilicate  (Sigma  Aldrich)  is  reduced  in  ammonium 
hydroxide  and  pure  ethanol.  Next,  aminopropyltriethoxysi- 
lane  was  used  to  functionalize  the  particles  by  terminating 
the  silica  core  surface  with  amine  groups.  The  silica 
particles  were  then  measured  by  scanning  electron  micros¬ 
copy  (SEM)  to  obtain  the  average  silica  core  diameter  of 
254  nm. 

To  create  the  gold  shell  overlap  for  the  silica  cores,  gold 
colloid  of  1-3  nm  in  diameter  was  fabricated  based  on 
procedures  documented  by  Duff  et  al.  [24].  The  gold 
colloid  solution  was  stored  at  4  °C  for  2  weeks  and 
subsequently  concentrated  with  a  Rotovap.  After  aging  and 
concentration,  the  gold  colloid  solution  was  added  to  the 
aforementioned  functionalized  silica  particles,  forming 
‘seeds’  in  which  the  gold  colloid  is  adsorbed  to  the  amine 
groups  of  the  silica  cores.  To  complete  nanoshell  fabrica¬ 
tion,  a  cocktail  of  hydrogen  tetrachloroaurate  trihydrate 
(HAuCU)  and  potassium  carbonate  was  added  to  the  seeds 
along  with  formaldehyde  to  catalyze  the  formation  of  the 
shells.  The  spectrum  of  the  completed  nanoshells  was 
analyzed  with  a  UV-vis  spectrophotometer  (Varian  Cary 
300).  The  relationship  between  the  extinction  spectmm 
obtained  by  UV-vis  spectroscopy  and  that  obtained  by 
application  of  the  Mie  scattering  theory  can  be  used  to 
approximate  the  size  of  the  nanoparticles  in  solution 
(Fig.  1).  Subsequently,  Mie  Theory  can  be  used  to  derive 
the  absorption,  scattering,  and  extinction  coefficients  for 
nanoparticles  of  a  specific  size,  and  a  standard  known 


Use  of  Immunotargeted  Gold  Nanoshells  for  Breast  Cancer  Diagnosis 


400  500  600  700  800 


Wavelength  (nm) 

Fig.  1  Measured  spectra  of  nanoshells  (core  radius,  127  nm;  shell 
thickness,  19  nm)  as  compared  with  that  estimated  using  the  Mie 
scattering  theory;  the  insert  depicts  the  corresponding  image  from 
scanning  electron  microscopy.  Scale  bar  represents  500  nm. 

concentration  can  be  acquired  for  a  particular  optical 
density.  In  addition  to  using  Mie  scattering  theory  for 
multilayer  spheres,  we  also  used  SEM  to  confirm  the  size  of 
the  nanoshells.  The  nanoshells  used  in  this  study  had  an 
average  diameter  of  292  nm,  a  peak  surface  plasmon 
resonance  at  778  nm  and  a  concentration  of  approximately 
1.6  X  10^  particles/ml. 

Nanoshell  Surface  Modification 

To  target  the  prepared  nanoparticles  to  molecular  markers 
associated  with  HER2-overexpression,  antibodies  were  first 
prepared  by  methods  previously  described  by  Hirsch  et  al. 
[22].  Briefly,  anti-HER2  antibodies  (C-erbB-2/HER-2/«eM 
Ab-4,  Lab  Vision  Corporation)  were  conjugated  to  the 
heterobifunctionalized  polyethylene  glycol  linker  orthopyr- 
idyl-disulfide-PEG-V-hydroxysuccinimide  ester  (OPSS- 
PEG-NHS,  MW=2  kD,  CreativeBiochem  Laboratories)  by 
reaction  at  a  molar  ratio  of  1:3  in  sodium  bicarbonate 
(100  mM,  pH  8.5)  overnight  on  ice.  Aliquots  were  stored  at 
-80  °C.  The  amidohydroxysuccinimide  group  (NHS) 
enables  conjugation  of  the  PEG  linker  to  the  antibodies 
through  amide  linkages;  the  remaining  end  of  the  PEG 
linker,  OPSS,  allows  binding  to  the  nanoshell  gold  surfaces 
through  sulfur  groups.  The  nanoshells  (1.6x10^  particles/ 
ml)  were  incubated  with  the  prepared  anti-HER2-PEG 
solution  (0.4  mg/ml)  for  1  h  at  4  °C.  The  newly  conjugated 
nanoshells  were  subsequently  incubated  with  a  10  p.M 
polyethylene  glycol-thiol  solution  (PEG-SH,  MW=5  kD, 
Nektar)  for  2  additional  hours  at  4  °C,  which  stabilized  the 
nanoshells  by  blocking  any  unoccupied  adsorption  sites. 
The  nanoshells  were  then  centrifuged  to  remove  unbound 
antibodies,  resuspended  in  ultrapure  water,  and  stored  at 
room  temperature  until  use.  Before  being  incubated  with 
cells,  the  nanoshell  solution  was  supplemented  with  bovine 
serum  albumin  and  phosphate-buffered  saline  (PBS)  at  final 
concentrations  of  1%  each. 


Preparation  of  Cells 

Two  cell  types  were  analyzed  for  this  study:  the  HER2- 
overexpressing  epithelial  breast  cancer  cell  line  SK-BR-3 
and  the  normal  mammary  epithelial  cell  line  MCFIOA 
(American  Type  Culture  Collection).  The  SK-BR-3  cells 
were  grown  in  McCoy’s  5  A  medium  supplemented  with  10% 
fetal  bovine  semm  and  1%  penicillin-streptomycin  and 
maintained  at  37  °C  in  a  5%  CO2  atmosphere.  The  MCFIOA 
cells  were  cultured  in  Mammary  Epithelial  Basal  Medium 
(MEBM)  supplemented  with  a  BulletKit  (Clonetics)  and  also 
maintained  at  37  °C  in  5%  CO2.  Both  cell  lines  were  grown 
in  25-cm^  culture  flasks  until  confluent.  At  that  time,  cells 
were  rinsed  once  with  lx  PBS  and  incubated  with  trypsin- 
ethylenediaminetetraacetic  acid  for  5  min  at  37  °C  to  detach 
the  cells  from  the  substrate,  after  which  trypsin  was 
neutralized  with  the  appropriate  medium  and  the  cells  were 
counted.  Approximately  6x10^  cells  were  placed  in  each  of 
four  conical  tubes  per  cell  line  for  each  time  point  under 
investigation.  The  cells  were  then  centrifuged  at  115xg  for 
3  min.  For  each  cell  line  and  each  time  point  of  interest, 
three  cell  pellets  were  resuspended  in  the  bioconjugated 
nanoshell  solution,  and  one  was  resuspended  in  an  equal 
amount  of  PBS  as  a  control.  The  nanoshell-cell  suspensions 
and  controls  were  then  incubated  in  a  hybridization  chamber 
(VWR  International)  at  37  °C  and  a  motor  speed  of  7  ipm 
for  5,  10,  30,  or  60  min.  After  incubation,  the  suspensions 
were  centrifuged  at  115xg  for  3  min,  and  the  unbound 
nanoshells  were  collected  with  a  pipette.  Cells  were  then 
rinsed  once  with  lx  PBS,  centrifuged,  and  the  unbound 
nanoshells  were  again  collected.  A  small  volume  (5  p.1)  of 
10%  glucose  mixed  with  PBS  was  added  to  the  remaining 
cell  pellets  to  prevent  cell  death  during  imaging.  Approxi¬ 
mately  7  |xl  of  each  pellet  was  placed  on  a  glass  slide  and 
coverslipped  for  immediate  microscopic  analysis. 

Darkfield  Imaging  and  Processing 

Images  of  the  two  cell  types  incubated  with  nanoshells  were 
obtained  with  a  Zeiss  Axioskop  2  darkfield  microscope 
outfitted  with  a  color  camera  (Zeiss  AxioCam  MRc5). 
Darkfield  microscopy  depends  on  light  scattering  to  achieve 
contrast.  All  images  were  taken  under  the  same  lighting 
conditions  and  magnification  (x20).  Optical  intensity  was 
quantified  by  using  a  Matlab  code.  Based  on  this  code,  an 
image  with  a  value  of  0  was  designated  pure  black  and  that 
with  a  value  of  255  pure  white.  An  increase  in  intensity, 
therefore,  corresponded  to  an  image  with  a  higher  numer¬ 
ical  value.  Average  intensity  values  for  each  time  point  and 
each  cell  line  were  calculated  from  ten  independent  cell 
samples  that  were  devoid  of  scattering  influences  from 
neighboring  cells  and  unbound  nanoshells.  Sample  normal¬ 
ity  was  assessed  by  using  Minitab  to  evaluate  the  error 
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Fig.  2  Darkfield  images 
of  MCFIOA  and  SK-BR-3  cells 
incubated  with  bioconjugated 
nanoshells  for  the  indicated 
times.  Images  were  obtained 
at  x20.  Scale  bar  represents 
125  pm. 


MCFIOA 


0  min. 


SK-BR-3 


10  min. 


Use  of  Immunotargeted  Gold  Nanoshells  for  Breast  Cancer  Diagnosis 


Fig.  3  Enlarged  darkfield 
images  of  MCFIOA  and  SK- 
BR-3  cells  incubated  with  the 
bioconjugated  nanoshells  for  the 
indicated  times.  Original  images 
taken  at  x20.  Scale  bar  repre¬ 
sents  20  pm. 


MCFIOA 


SK-BR-3 


distribution  for  all  data  points.  A  normal  probability  plot  of 
the  residuals  verified  that  the  samples  followed  a  normal 
distribution  (data  not  shown).  F  tests  were  also  used  to 
determine  the  equality  of  variance  before  applying  two- 
tailed  paired  Student’s  t  tests  to  evaluate  significance. 

Derivation  of  Bound  Nanoshell  Concentration 
using  Spectroscopy 

According  to  the  Beer-Lambert  law,  the  absorbance  of 
particles  in  solution  is  directly  related  to  the  concentration 


of  those  particles  in  that  solution.  To  validate  the  ability  of 
spectroscopy  to  predict  the  concentration  of  a  solution  of 
nanoshells  of  known  size,  we  used  linear  regression 
analysis.  Nanoshells  of  known  concentration,  based  on  the 
Mie  Theory  calculations,  were  serially  diluted  and,  the 
corresponding  peak  absorbance  values  were  measured.  We 
considered  a  concentration  of  approximately  2.0x10^ 
particles/ml  (optical  density=2.4)  as  a  lOQx  concentration. 
From  this  analysis,  an  equation  relating  the  peak  absor¬ 
bance  (independent  variable)  to  each  known  nanoshell 
concentration  (dependent  variable)  was  used  to  approxi- 
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Fig.  4  Mean  quantitative  intensity  values  for  samples  of  MCFIOA 
and  SKBR3  cells  incubated  with  nanoshells  for  the  indicated  times. 
Differences  between  cell  types  incubated  without  nanoshells  were  not 
statistically  significant  (/’>0.1,  «=10).  Differences  between  cell  types 
incubated  with  nanoshells  were  statistically  significant  at  all  time 
points  (B<0.001,  7J=10).  Error  bars  indicate  standard  deviations. 


mate  the  number  of  nanoparticles  in  subsequent  solutions  of 
unknown  concentration.  This  derivation  was  necessary  to 
calculate  the  approximate  number  of  bound  nanoparticles 
per  cell  at  the  different  time  points. 

To  determine  and  compare  the  number  of  nanoshells 
bound  after  5  min  and  60  min  of  incubation,  the  collected 
unbound  nanoshells  were  centrifuged  at  255xg  for  20  min, 
resuspended  in  ultrapure  water,  transferred  to  cuvettes  and 
sonicated  briefly  before  being  measured  with  a  UV-vis 
spectrophotometer.  The  spectrum  was  recorded  and  the 
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Fig.  5  Top  Spectra  of  serial  dilutions  of  known  nanoshells  concen¬ 
trations  in  suspension.  Bottom  Linear  regression  analysis  of  known 
nanoshell  concentrations  vs.  the  corresponding  peak  absorbance 
values. 


peak  absorbance  documented  for  each  sample.  Based  on  the 
original  concentration  of  nanoshells,  the  number  of  cells 
used,  and  the  concentration  of  the  collected  unbound 
nanoshells,  the  approximate  number  of  nanoshells  bound 
to  each  cancer  cell  was  derived.  An  F  test  was  also  used  to 
determine  the  equality  of  variance  before  applying  a  two- 
tailed  paired  Student’s  t  test  to  evaluate  significance. 


Results/Discussion 

We  evaluated  the  contrast  that  could  be  achieved  by 
incubating  nanoshells  targeted  to  HER2  receptors  with 
normal  breast  epithelial  cells  (MCFIOA)  or  breast  cancer 
cells  (SK-BR-3)  for  four  intervals:  5,  10,  30,  and  60  min. 
All  procedures  were  done  with  triplicate  samples  and 
included  a  control  condition  (cells  to  which  no  nanoshells 
had  been  added).  Figures  2  and  3  illustrate  original  and 
enlarged  images  obtained  at  all  four  time  points  for  both 
cells  lines  and  for  cells  incubated  without  nanoshells 
(designated  as  0  min).  Because  the  optical  peak  resonance 
for  the  fabricated  nanoparticles  occurred  at  778  nm,  the 
nanoshells  scattered  strongly  in  the  near-infrared  range  and 
could  be  visualized  under  darkfield  illumination  as  red 
particles.  Qualitative  assessment  of  the  imaging  results 
revealed  that  the  MCFIOA  cells  showed  little  enhanced 
scattering  at  any  period  of  incubation  with  the  bioconju¬ 
gate-nanoshell  solution  compared  with  both  controls  or  the 
cancer  cells.  However,  the  SK-BR-3  cancer  cells  showed 
enhanced  contrast  after  as  little  as  5  min  of  incubation. 
Typically,  SK-BR-3  cells  express  about  8x10^  receptors 
per  cell  and  normal  MCFIOA  cells  about  IxlO'*  [25,  26]. 
The  targeted  bioconjugated  nanoshells  apparently  bound  to 
cell  surface  receptors  on  both  cell  types;  however,  because 
the  cancer  cells  had  higher  numbers  of  receptors,  the 
contrast  that  could  be  achieved  was  considerably  greater 
with  those  HER2-overexpressing  cells.  Other  evidence  of 
the  superior  contrast  achieved  with  the  SK-BR-3  cells  was 
apparent  from  the  difference  in  the  numbers  of  unbound 
nanoshells  between  the  two  cell  types.  In  the  images  of  the 
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Fig.  6  Number  of  nanoshells  bound  per  SK-BR-3  cell  after  5  and 
60  min  of  incubation.  Values  shown  are  the  means  of  triplicate 
measurements.  Error  bars  indicate  standard  deviations. 
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MCFIOA  cells,  several  unbound  nanoshells  could  be  seen 
between  cells  despite  our  attempts  at  removing  unbound 
nanoshells  by  rinsing  the  cells.  Considerably  fewer  such 
nanoshells  were  present  in  the  SK-BR-3-nanoshell  images 
(Fig.  2). 

To  quantitatively  assess  the  increase  in  contrast  between 
the  normal  and  cancerous  cells  at  each  time  point,  we  used 
a  Matlab  code  to  evaluate  the  average  intensity  of  ten  cells 
from  each  condition;  an  intensity  value  of  0  was  considered 
pure  black  and  255  pure  white.  Statistical  analyses 
indicated  no  difference  between  either  cell  type  incubated 
with  only  PBS  (the  control  condition;  P>0.1).  However, 
differences  between  the  MCFIOA  cells  and  the  SK-BR-3 
cells  were  significant  at  all  four  incubation  times  (/’<0.001; 
Fig.  4).  An  additional  analysis  of  variance  showed  no 
differences  in  the  mean  intensity  of  the  SK-BR-3  cells  at 
any  of  the  four  incubation  times  (P>0.5). 

To  further  compare  the  differences  between  contrast  that 
could  be  achieved  at  5  and  60  min  for  the  SK-BR-3  cells, 
we  examined  the  number  of  bound  nanoshells  at  both  time 
points.  To  do  so,  we  first  developed  a  simple  UV-vis 
spectroscopy  method  to  determine  the  concentration  of 
nanoshells  in  solution.  On  the  basis  of  dilutions  of  known 
nanoshell  concentrations,  we  used  linear  regression  to 
estimate  the  concentration  of  nanoshells  in  a  given  solution 
(Fig.  5).  We  confirmed  the  existence  of  a  linear  relationship 
between  absorbance  and  corresponding  concentration  of 
nanoshells  for  concentrations  ranging  from  9.8x10^  to 
2.0x10^  particles/ml.  With  a  goodness-of-fit  (R^)  value  of 
0.986,  we  concluded  that  the  absorbance  accurately  predicts 
the  concentration  of  an  unknown  suspension  of  nano¬ 
particles  that  falls  within  this  range. 

We  next  used  this  relationship  between  absorbance  and 
concentration  to  measure  the  absorbance  of  unbound 
nanoshells  collected  after  incubation  and  cell  rinsing  and 
subsequently  resuspended  in  a  volume  of  water  equal  to 
that  of  the  diluted  samples  of  known  concentration. 
Knowing  the  initial  number  of  nanoshells  and  cells,  we 
could  derive  the  approximate  number  of  nanoshells  bound 
to  each  cell,  which  we  did  for  the  triplicate  samples  of 
nanoshells  plus  cells  after  5  and  60  min  of  incubation.  At 
5  min  of  incubation,  1,593±121  nanoshells  were  bound  per 
cell;  at  60  min,  the  range  was  1,686  ±40  nanoshells  per  cell 
(P>0.1,  not  significant;  Fig.  6).  Thus,  roughly  95%  of  the 
binding  noted  at  60  min  had  occurred  within  the  first  5  min 
of  incubation.  Our  imaging  results  suggest  that  this  5% 
difference  did  not  seem  to  affect  contrast. 


Conclusions 

Our  findings  support  the  proof  of  concept  that  optical 
contrast  of  HER2-overexpressing  breast  cancer  cells  can  be 


achieved  by  brief  periods  of  incubating  those  cells  with 
nanoshells.  Although  the  ability  to  detect  malignancy  by 
such  means  is  critical  for  in  vivo  applications  and  for  in 
vitro  applications  associated  with  biological  fluids,  other 
opportunities  exist  for  using  such  techniques  to  diagnose 
solid  tumor  specimens  in  vitro.  The  time  between  diagnosis 
and  treatment  could  be  drastically  shortened  by  the  use  of 
microscopic  evaluations  of  excised  tissue  samples  that 
provide  rapid  and  reliable  results.  We  have  shown  both 
qualitatively  and  quantitatively  that  nanoshells  can  be  used 
to  achieve  discernible  contrast  between  cancerous  and 
normal  breast  cells  in  5  min.  These  results  suggest  that 
gold  nanoshells  can  be  designed  and  optimized  to  enhance 
the  scattering  signatures  of  cancer  cells  at  minimal 
incubation  times  necessary  for  potential  applications  in 
point-of-care  cancer  diagnostic  imaging.  Future  studies  are 
underway  to  extend  these  findings  from  the  cellular  level  to 
tumor  specimen  models. 
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